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Abstract

The Drell-Yan process is a key tool for testing the Standard Model at hadron colliders. Angular
coeflicients, which characterize the angular distribution of leptons in the Drell-Yan process, provide direct
access to the polarization structure of the intermediate boson and are especially useful for extracting
detailed information from experimental data. To make precise comparisons with measurements, we
need accurate theoretical predictions that include higher-order QCD corrections. Having fully analytic
expressions for these corrections helps improve both the efficiency of calculations and interpretability of
the underlying physics.

In this project, we compute the angular coefficients for Drell-Yan at finite transverse momentum,
including radiative corrections up to (O(a?)) for both real-real and real-virtual contribution. The final
result is a complete analytic prediction for helicity-resolved Drell-Yan at NNLO.
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Chapter 1

Introduction

Physics, at its heart, is a search for the hidden simplicity that lies beneath the complex and often chaotic
behavior of the natural world. Over centuries, seemingly unrelated phenomena have been merged together
under unified frameworks. The same field that explains the motion of electric charges also describes the
nature of light, the same quantum rules that govern radioactive decay apply to the structure of matter
around us.

At the center of our current understanding stands the Standard Model: a compact and elegant
mathematical structure that unifies the electromagnetic, weak, and strong interactions into a single self-
consistent theory. It is built on the gauge symmetry group SU(3)c x SU(2)r x U(1)y, and its field
content and dynamics have been confirmed time and time again by experiment. The discovery of the
Higgs boson in 2012 at CERN’s Large Hadron Collider [ 2] marked a major milestone. And importantly,
rather than being a surprise, it was a confirmation — the final predicted piece of the puzzle, completing
a framework that had already withstood decades of tests.

However beyond the Standard Model lies a landscape of open questions: it does not incorporate grav-
ity, nor does it account for dark matter or the nonzero masses of neutrinos, and it offers no explanation
for the observed matter-antimatter asymmetry. Additionally, many of its parameters, such as masses,
mixing angles or couplings, are inputs, not predictions.

In the absence of new particles or interactions appearing directly at accessible energies, the search for
physics beyond the Standard Model has turned to indirect strategies. One of the most promising paths
is plainly increasing the precision: measuring known processes with higher accuracy, and comparing
them against equally precise theoretical predictions, hoping that tiny, subtle deviations between data
and theory can hint at new physics. To do this well, one needs both sides of the equation to be sharp:
experiments must deliver clean, high-resolution data and theory has to be able to keep up with rising
precision. This has pushed collider physics into a new era, where full control over multi-differential
observables and higher-order corrections is no longer optional, but essential for both experimental and
theoretical sides.

Among the most important of these high-precision observables is the Drell-Yan process, where a
lepton pair is produced in hadron-hadron collisions via the exchange of a vector boson, such as a virtual
photon v*, Z boson or a W boson (refer to Figure for an illustration of the Drell-Yan process), and
the dilepton transverse momentum spectrum, which is one of the cleanest and most precisely measured
observables at the LHC [3] that has been recently used to both obtain the W boson mass [4] and the
strong coupling constant [5l [6]. The true power of it lies not just in the total cross section, but also
in the shape of the final state, in the angular correlations that access the spin and polarization state
of the intermediate boson, which in turn is easily influenced by both strong (QCD) and electroweak
(QED) corrections. These angular distributions are typically decomposed into a set of coefficients A;,
which carry all the dependence on the polarization structure of the boson and, most importantly, the
QCD dynamics of the initial state. Their precise prediction and measurement allow us to test QCD
factorization, study parton distributions, and even extract fundamental parameters.

However, producing high-precision theoretical predictions for these coefficients at the next-to-next-
to-leading order (NNLO) in QCD remains quite computationally expensive. There is a multitude of
state-of-the-art tools used in collider phenomenology - numerical codes such as DYTurbo [7] and FEWZ [§],
but generally generating differential cross sections with sufficient statistics and precision can require
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Figure 1.1: An illustration of the Drell-Yan process involving various partons and intermediate vector bosons. In
the leftmost diagram, two protons collide, producing partons &, P, and &, P, which in turn leads to the formation
of an intermediate virtual photon or Z boson and some final hadronic state (radiation) X. The boson decays
into a lepton-antilepton pair (£7¢~). The other two diagrams depict the production of different lepton pairs via
a W* and Z boson. Each diagram represents different possible channels of the Drell-Yan process which leads to
the production of neutral or charged vector bosons.

thousands of CPU hourfﬂ Every scale variation, observable bin or cut configuration must be recom-
puted multiple times, which is incredibly computationally expensive, especially when computing a set of
multiple angular components.

Analytic results offer a clean solution to this problem. Once derived, they can be evaluated orders of
magnitude faster, are reusable and modifiable, are fully transparent in their structure, which might give
us physical insights into the origin of various terms, such as soft or collinear logarithms, and allow one
to identify and isolate the key physics contributions in a way that numerical output cannot.

Therefore, the purpose of this thesis is to provide a complete analytic calculation of the
Drell-Yan angular coefficients at O(aﬁ), in the regime of finite boson transverse momentum and
at leading order in the electroweak coupling.

This thesis is organized as follows:

In Chapter [2] we introduce the theoretical framework and outline our overall strategy. We begin with
a brief overview of QCD, followed by a discussion of factorization in hadron-hadron collisions. We define
helicity cross sections and their connection to angular coefficients. We also classify the contributing
Feynman diagrams at O(a?), and describe the expected infrared pole structure of the bare cross section.
To handle these divergences, we will be working in the framework of Soft-Collinear Effective Theory
(SCET), using which we introduce an analytic subtraction method based on the V + jet threshold factor-
ization, which cleanly separates singular terms in the invariant mass of the hadronic final state from the
regular part of the cross section. In Chapter [3| we describe the flavor decomposition procedure used to
organize the electroweak couplings. In Chapter 4} we compute the loop real-virtual (RV) contributions to
the singular helicity cross section. These terms are obtained by helicity decomposing the RV amplitudes
using an exptension of the spinor-helicity formalism. In Chapter ol we evaluate the remainder of the
double-real (RR) tree-level contributions using conventional Feynman rules combined with the helicity
projection formalism introduced in Chapter 2] Here we also perform analytically the phase space inte-
gration over the hadronic radiation and we derive a dedicated set of master integrals to do so. In this
chapter we assemble the various contributions into the full helicity-resolved cross section. In Chapter [6]
we compare our analytic results with known partial results from the literature. Finally, in Chapter [7]
(Conclusions), we conclude and reflect on the outcome of the project, outlining possible directions for
future work.

1For example, computing the fully integrated Drell-Yan cross section at NNLO using purely Monte Carlo methods (as
in illustrated in DYTurbo [7]) can require around 8 hours per bin over 100 bins, even when parallelized over 20 threads -
totaling approximately 16 000 CPU-hours. In contrast, by implementing partial analytic results in the calculation, the
same result can be obtained in roughly 68 CPU-hours. This illustrates the substantial computational advantage of analytic
methods.



Chapter 2

General theory

This chapter establishes the main theoretic frameworks required for the research conducted in the thesis,
as well as introduces our project pipeline.

2.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the quantum field theory describing the dynamics of the strong
interaction, one of the fundamental forces in the Standard Model. It is a non-Abelian gauge theory
based on the symmetry group SU(N.), with N. = 3 in nature. The elementary degrees of freedom in
QCD are the quark and gluon fields. Quark fields qjc (z) are in general massive spin-1/2 Dirac fermions,
where f labels the flavor and ¢ = 1,..., N, indexes the color degrees of freedom, which transform in
the fundamental representation of SU(N,). Gluon fields Af,(x) are massless spin-1 gauge bosons, where
a=1,...,N2 — 1 runs over the adjoint representation. The gluons mediate the strong force and carry
color charge themselves, leading to self-interactions.
Under a local SU(N,) gauge transformation, these fields transform as

q(x) = U(z)q(z), . (2.1)
A(x) = U(2) Ay (2)U" (z) + ;—SU(x)aﬂUT(a:), (2.2)

where U(z) = explia®(2)T?] is a position-dependent element of SU(N..), and T are the group generators
in the fundamental representation, satisfying

1
[Ta’ Tb] — ifabcTC, Tr(TaTb) _ TF(Sab _ §5ab,

where f¢ are the structure constants of the color group SU(3). More identities for the 7% are used in

Section 2.3.11

The full QCD Lagrangian in four-dimensional Minkowski space is given by

o 1 y 9z —
EQCD = qu (Z’YHDM — 7TLf) qr — ZGZVGGM + GQCDWGHVPUG%P G+, (23)
f

where: G4, = 9, A% — 9, A% + g, f**° Al A¢ is the non-Abelian field strength tensor, D, = 8, —ig, A% T*
is the gauge-covariant derivative acting on quark fields, m; is the mass of quark flavor f, and g, is the
strong coupling constant.

The Lagrangian contains these key terms:

1. The gluon kinetic term, —iGZUG“W, which includes gluon self-interactions due to its non-
Abelian structure.

2. The quark kinetic and mass terms, describing free quark propagation.

3. The quark-gluon interaction, arising from the covariant derivative term gy Af,Tq, which cou-
ples quark color and spin to the gluon field.



4. The f-term, which is proportional to a total derivative, and therefore does not contribute to
perturbative calculations, where the field is assumed to vanish at infinity asymptotically. In this
project we assume fgcp = 0.

At this moment we can modify our (classical) QCD Lagrangian and add a few extra terms tackling
the fixing of the gauge. To quantize the theory in a consistent way, one must fix the gauge redundancy
introduced by the local SU(N,) invariance. In the path integral formalism this is done via the Faddeev-
Popov method [09], which fixes the gauge at the cost of introducing auxiliary fields known as ghosts.
The ghost term and the gauge fixing term in the Lagrangian take the form:

Lohost = Ea(fﬁ“Dzb)cb, Ly = —%(8“/1;), (2.4)

where ¢, ¢* are Grassmann-valued scalar fields, fo’ = (5“bau+gs f “CbAZ is the adjoint covariant derivative
and £ is a continuous parameter, value of which sets the gauge.

Although ghost fields do not correspond to physical particles (they cannot appear as external states
in any observable) they play an important role in ensuring gauge invariance and unitarity in covariant
quantization schemes. In particular, in covariant gauges such as Feynman (§ = 1) or Landau (£ — 0)
gauge, ghost contributions must be included in loop diagrams to cancel unphysical degrees of freedom
associated with longitudinal gluon polarizations.

In this project we encounter situations where the inclusion of ghost diagrams is necessary when work-
ing in Feynman gauge, specifically in contractions involving external gluon fields (see Section for
further discussion). Alternatively, it is possible to avoid ghost contributions altogether by choosing a
gauge that restricts gluons to their physical polarizations, such as the lightcone or axial gauge. These
gauges eliminate the unphysical modes by construction at the cost of introducing more complex prop-
agators. For completeness, we summarize the Feynman rules relevant for both covariant and lightcone
gauges, and in general Feynman rules for both QCD and QED in Appendix [A]

Like all quantum field theories with ultraviolet divergences, QCD requires renormalization. In this
process, the strong coupling constant

_ 9

Qg
47

becomes scale-dependent, and its evolution is described by the renormalization group equation:

das (1)
du

a?
= Blon) = 2822 1 0a), (25

where p is the renormalization scale, a(p) is the renormalized strong coupling at the scale p and the
one-loop coefficient of the QCD beta function is

4

3Tpnf7 (2.6)

Bo = %CA -
where for QCD with gauge group SU(3), we have Cy = 3, Tr = %, and ny denotes the number of active
(effectively massless) quark flavors at the renormalization scale p.

At typical LHC energies (e.g., mw,mz, mpg ~ 100 GeV), the up, down, strange, charm, and bottom
quarks can be treated as massless to a good approximation. Therefore, the perturbative QCD calculations
in this thesis are performed in a theory with ny = 5 massless flavors. The only parameter of the theory
is the renormalized gauge coupling a;(p).

The important point is the sign of By: for ny < 17, we have 8y > 0, which implies a decreasing coupling
at high energies. This phenomenon is known as asymptotic freedom [0, 1], and it allows the use
of perturbative techniques in QCD at short distances. On the other hand, as ;1 — Aqcp, the coupling
becomes large, marking the breakdown of perturbation theory and the appearance of non-perturbative
dynamics such as confinement and hadronization. The scale dependence of a; is thus central to the
structure of QCD.

In the MS scheme, which is used throughout this thesis, the bare (gs) and renormalized couplings
(as(p)) are related by

2

9s €

47 = /’62 Qg (/’[’) Zozs (6, :u)v (27)
78



with the renormalization factor given by

Zosfe) = fe |1+ 22 (<2) o). (23)

where vg is the Euler-Mascheroni constant.

2.2 Hadron-hadron collision factorization

The Drell-Yan (DY) process, predicted by S. Drell and T. M. Yan in the early 1970s [12], describes
the production of a lepton pair through an intermediate vector boson in unpolarized proton-proton (pp)
collisions. It is one of the most important processes for studying QCD and electroweak interactions
at hadron colliders. In this section, we introduce the general formalism used to describe vector boson
production in hadronic collisions, focusing on the decomposition of the cross section into helicity structure
functions and the subsequent derivation of the angular distribution of the final-state leptons. The theory
in this section is primarily based on the second chapter of the ref. [I3] and the material of this section is
a short overview of it.

We are interested in the production of a single (either neutral or charged) vector boson V' from an
unpolarized proton-proton collision, followed by its decay into a colorless leptonic final state L. The
process can be represented as

p(Pa)p(Py) — Vi(g) X, (2.9)

where V = Z,v*, W is a (potentially offshell) electroweak boson with invariant mass ¢ = Q2, which
decays as

Z/7*(q) = € (q1) £*(q2), Z(q) — v(q1) 7(q2) ,
WH(q) = ve(@) € (q2), W (q) = € (q1) elqa), (2.10)

and X denotes any additional final-state hadronic radiation.

The differential cross section for this process, measured in the laboratory frame (which we assume
coincides with the hadronic rest frame), can be factorized into a contraction of the leptonic tensor L,,,,
and the hadronic tensor WH¥ as follows:

do(© 1 ,
d4q(d(g = 5pz 2 Luvvvi(0,0,0)W (g, P, By), (2.11)
cm oy

where ¢* is the momentum of the vector boson V', which corresponds to the total momentum carried by
the final-state leptons L, P, and P, represent the momenta of the incoming protons, E2, = (P, + P,)? is
the square of the center-of-mass energy of the hadronic system, © represents potential fiducial cuts applied
to the leptonic final state, which are determined by the detector’s acceptance and the signal region, O is
a set of differential observables associated with the final-state leptons. Note that the incoming protons
are taken to be massless. This expression also contains an explicit sum over possible vector bosons V'
and V' that could be produced in the collision.

The Hadronic Tensor WH#"

The hadronic tensor W#” encodes the QCD dynamics of the proton-proton collision and is independent of
the specific cuts and measurements applied to the leptonic final state. It sums over all possible hadronic
radiation states X and integrates over their phase space, as follows:

Wiy (¢, Pa, Py) = i(pp|JxT/“|X><X|J\”w lpp)(27)* 6% (Pa + Py — 4 — kx), (2.12)
X

where we have kept the intermediate boson indices V'V’ explicit, Ji; represents the hadronic current
associated with the production of the vector boson V, and kx is the four-momentum of the final-
state hadronic radiation. The delta function enforces momentum conservation, ensuring that the total
momentum of the incoming protons is equal to the sum of the vector boson momentum ¢ and the hadronic
radiation momentum kx.



The Leptonic Tensor L,

The leptonic tensor L,, describes the decay of the vector boson V into the final-state leptons L. It
encodes the kinematics of the leptonic final state and depends on the polarization and nature of the
vector boson. The general form of the leptonic tensor is given by:

Lyy(q,0(,)0) = /d¢L(Q)M?/“AL(%)M?//HL(%)(;(@ —O0(q,91))0(a, 1), (2.13)

where ¢, represents the phase space measure of the leptonic final state, M}, ., (¢r) is the amplitude
for the vector boson V' decaying into the leptonic state L, @(q, ¢r) is the set of measured observables
determined by the kinematics of the final leptons, é(q, ¢r,) applies the fiducial cuts on the leptonic final
state. The delta function enforces the correspondence between the measured observables O and the
actual values determined by the kinematics of the leptons.

In the subsequent calculations, we will simplify expressions by working in four dimensions, following
the conventions of ref. [I3]. While dimensional regularization can be implemented for rigor, it is useful
only in the calculation of the hadronic tensor and terms derived from it, since the leptonic tensor is
divergence-free. The poles that emerge solely in the hadronic tensor will be treated in dimensional
regularization in D = 4 — 2¢ before inserting the results into the final cross section formula.

Fully Inclusive Cross Section

When we sum over all possible final states of the leptons (i.e., fully inclusive over the leptonic decay
products), the cross section simplifies to:

do
d4q

1 2 unV %
= ﬂvz‘;’LVV’(q ) ( l]2 — Guv vaf(QaPaan)a (2-14)
where we have used the fact that the leptonic tensor can be expressed in terms of the vector boson
momentum ¢* and metric tensor g”.

This further reduces to: d )
o
— =—— Lyv (> Win (q, Py, Py), 2.15
dtq ~ 282, > Lyvi (@) Wine,vv (g, Pa, Pb) (2.15)
Vv’
where Wina(q, Pa, Py) represents the inclusive hadronic contribution to the cross section, integrated over

all possible final hadronic states.

2.2.1 Projectors

To express the non-inclusive hadronic tensor in a form that is suitable for further calculations and to
have an even clearer separation between the hadronic and leptonic tensors, we decompose W into a
set of Lorentz-scalar projections with respect to four orthogonal vectors. These vectors are constructed
from the external momenta P,, P,, and the momentum of the vector boson gq.

In the massless limit (P? = P2 = 0), which is relevant for our calculations, the so-called projectors
are defined as follows:

q*
th = , (2.16a)
/02
"
o= Sbaly = Sag By (2.16b)
v/ SabSaqSbq
x/i — Saququ B quq2pg B Saqq2plﬁi (2160)
\/Saqsbqqz(saqsbq - Saqu)
Y= P 2y, (2.16d)
where the four-dimensional Levi-Civita convention is €223 = 1.
In the previous expressions we defined the following scalar parameters:
¢'qu = Q% su=2P,- Py, Saq =2P,-q, spq=2DP-q. (2.17)

It is important to note that the projectors t*, z#, z*, and y* are orthogonal to each other, and their
squared magnitudes in D-dimensions are: t?> = 1, 22 = —1, 22 = —1, and 4> = 3 — D. Thus, in the
neighborhood of four dimensions, the projector t* is time-like, while z*, z#, and y* are space-like.



Another vital point is that these projectors, when contracted with the hadronic tensor, do not intro-
duce any new denominators dependent on the momenta of hadronic radiation. This is particularly useful
for future calculations of processes involving two partons in the final state, as it ensures that the projec-
tors do not add extra dependence on the external momentum of the hadronic radiation. Consequently,
there should be no significant increase in complexity when moving from inclusive cross section to the
projections of hadronic tensor, particularly with regard to the structure of the denominators, which is
important for phase space integration over hadronic radiation.

Finally, in four dimensions, these vectors define a reference frame known as the Collins-Soper (CS)
frame [I4], in which the vector boson remains at rest, see Figure

lepton plane

lab frame CS frame ~\¥ p1
Yy Y \
[ T q [ x P P
z APAL L, %7 i P, 2 Y T ,q 1T "
T Px
hadron plane hadron plane
(a) Lab frame (b) Collin-Soper frame

Figure 2.1: Kinematics of the Drell-Yan process in two reference frames. (a) In the lab frame, the head-
on collision of incoming hadrons with momenta P, and P, and their decay into the intermediate boson with
momentum ¢ define the hadron plane. (b) In the Collins-Soper frame the vector boson is at rest and the leptons
are produced back-to-back. In general, the orientation of hadrons in the CS frame is not symmetric, but the
angles 74,7 become equal in the massless-hadron limit. The lepton plane defines the angular variables 6 and ¢,
which are used to parameterize the lepton angular distribution. Figure taken from ref. [13]

2.2.2 Helicity Projections

We define the polarization vectors of the vector boson in the Collins-Soper frame as followsB

1
ey = ﬁ(x“ +iyt), ey = M. (2.18)

Using these polarization vectors, we project the helicities of the hadronic tensor WH* onto the components
of the helicity density matrix Wy [16]:

Wi (qa Pa; Pb) = GKGKZ//WW(Q, Pa, Pb)» (219)

where the helicity indices A\, X' take values {4, —,0}.
These components can be further combined into nine Lorentz-invariant structure functions:

Wo=Wip +W__ = (z"2" + y"y" )W,
Wy = 2Woo = 2212" Wy,
1
Wi = *E(Ww +Woy +W_o+ Wy_) = — (22" + 212" )W,
Wo= 20, + W) 2 — gy )W,
Wy = —V2(Wyo+ Woy — W_g— Wo_) = 2i(ytz" — 2"y )W,
Wy=2W;y —W__) = z(x”y” y " YW,
Ws = —i(Wio —W_y) —(@"y" + y 2" )W,
We = —é(Ww —Wor —W_o+Wo_) =y + 2y )W,
Wy = —V2i(Wyg—Wor + W_o—Wo_) = —2i(z"2" — 22 ) W, (2.20)

INote that we adopt a slightly different definition of the polarization vectors than what is used in [I3]. This choice
becomes important only later in the calculation, where the explicit form of the polarization vectors enters (in Section.
The results that depend on this definition are computed separately from those that use coordinate-based projectors, so
there is no inconsistency. Our choice follows the convention in [I5] and was made to ensure compatibility with angular
momentum conservation in the Born process. A more detailed explanation is given in Section m

10



The inclusive structure function from Eq.(2.15)) can now be written as:

Wi
Wina =Wy + W__ + W =W_1 + 70 (2.21)

More generally, the second column in Eq.(2.20) defines combinations of x,,y,, 2, — projectors Pi“” -
using which the structure functions are defined through:

Wilg, Pa, Py) = P" (g, Pa, Py) W (¢, P, Fy). (222)
Note that P*”(q, P,, Py) are invariant under the rescaling of the momenta:

p"”(a q,B Py, Py) = P” (¢, P, Py), for any real numbers «, 3,7 > 0. (2.23)

K2

Since the projections W; are orthogonal, which is the consequence of the orthogonality of the CS frame
axes, we can invert them to reconstruct the original hadronic tensor:

7
W =" PHW;, (2.24)

i=—1

where P!"” are the inverted projectors.
With this, the differential cross section is given by:

do(©) )
d4qdo ~ 2E2 > Luvvvi(a,0,0)Wi, (g, Pa, Py)
cm vy
2E2 Z Z LZ vv/ q’ O 6) i, VV/ (Q7 Pa7 Pb) (225)
oM yyi=—1

where we absorb the projectors into the scalar lepton coefficients L;(¢q, O, 0) = L, P!"".

By parameterizing the 1-to-2 leptonic decay phase space dér, = dgg—q, 4, using CS angles (6, ¢), we
can rewrite the leptonic tensor contracted with the inverted projectors, achieving the following expression
for L; as a product of a leptonic factor L. ;) and real combinations of spherical harmonics:

1 2 d .
Li0.0,0) = [ daost [ 50 1,(6%0.0)5(0 ~ 0(0.6.)0a.00).

Li(¢*,0,¢) = 3 — L) (¢°)9i(0,0),  with = ( ={ P€{-1,01,2,5,6)

i€{3,4,7}
where the explicit forms of the spherical harmonics g;(6, ¢) are:
g-1(0,¢) =14 cos®0, 92(0,¢) = 3 sin 0 cos(26), g5(0, ¢) = sin’ O sin(2¢),
90(07 ¢) =1- COSQ 0; 93(9, ¢) = sin 6 cos d)v 96 (97 d)) = Sln(29) Sin¢v
91(6, @) = sin(20) cos ¢, 94(6, ¢) = cos b, g7(6, ¢) = sin B sin ¢,

and the leptonic prefactors L4y ; are derived in full in ref. [I3].
Finally, the differential cross section becomes:

do(© 2 3 U
do(®) _ / dcos / LI ol s Li@,w«q%9,¢)Wi,vv,(q,Pa,Pb)gz—<e,¢>
—1

d*qdO 2E§m T6m & 2
with the reduced form:
7
do 1 3
Todeosdds ~ 252 Tom 2 2 Lewvi (@ 0.0Wavv (g, P, P)gi(6,6) (2:27)
VV’i=—1

3 do ’
167rd4 <1+cos 0+ A0(1—3cos 0) +ZAzgz gi))) (2.28)

=1
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where in the final line the sum over the intermediate bosons is assumed. We define the cross sections
with definite vector boson helicities — helicity cross sections:

dO’Z‘ 1
d4 2E2 Li( (q 0 ¢) (q7Pa7Pb)
do _doy, 1dog
d4g  di¢ = 2d4q
The angular coefficients A; are then defined as the normalized helicity cross sections as:

o dO’i
- do_1 + 1/2@10'0'

The angular coefficients describe not only the angular distribution of the final-state leptons but also carry
information about the helicity structure of the intermediate vector boson. These coefficients depend on
QCD radiation in a nontrivial way: when the transverse momentum gr of the boson becomes small, some
coefficients are suppressed, while others (A4, A4) stay finite. Because of this, the angular coefficients are
sensitive to soft and collinear QCD effects.

Several of these coefficients have been measured experimentally with growing precision in recent
years [I7, [18, [19] 20} 21], and they are now important observables for testing the Standard Model. On
the theory side, analytic predictions at NNLO currently exist only for the inclusive (see [22], 23] at gr > 0,
total results can be restored through the gr subtraction [24] 25]) and partially for other (see [16] for the
W_10,1,2 and [16] 26, 27] for the W5 7) helicity cross sections. Fully differential results for all (i.e.
including the As4) individual angular coefficients at NNLO are not yet available.

The goal of this project is to compute all the NNLO contributions to helicity cross sections analytically
in the finite-gr region. What we ultimately want are the angular coefficients A;, which are built from
the 0;,.4p. These, in turn, are given by known lepton-side prefactors L(4y; times the hadronic structure
functions W;. The prefactors are already known, so the main task is to compute the structure functions
W; from scratch. These are the core objects we need — once we have them, we can assemble the full
helicity cross sections and extract the angular coefficients.

Collinear factorization

Finally, it is important to note that in the context of the Drell-Yan process, the differential cross sec-
tion do;/d*q satisfies the collinear factorization theorem and therefore can be factorized using parton
distribution functions (PDFs). This factorization separates the long-distance non-perturbative effects,
described by the PDF's, from the short-distance perturbative effects described by the perturbatively cal-
culable hard (partonic, i.e. quarks and gluons) scattering cross section. The differential cross section is
thus expressed as a convolution of the PDFs f, [ha ](ga, p) and f, [he] (&, 1), which describe the probability
densities for finding partons a and b within the hadrons (in our case, protons) h, and hj at momentum
fractions &, and &, with the partonic scattering cross section, summed over all possible initial partons:

oo ae, d A
i Z / : & o) (€ )1 (65 106,00 (Ea P €6 Py ), (2.29)

where p is the factorization scale and 6; 45 (€0 Pa, &Fs, ¢) is the partonic cross section for the process for
partons going into the vector boson and hadronic radiation. Perturbative calculations are usually done
at the level of partonic observables, which later are combined with PDF's or equivalent non-perturbative
objects to obtain the hadronic observables. In our project we will use the information that the CS frame
defined in terms of the partonic momenta £, P, and &, P, is identical to the one that is experimentally
reconstructed in terms of the proton hadronic momenta P, and P, thanks to Eq.7 where in particular
the V' boson momentum is also held fixed between the two. This means it is not necessary to switch
to another, intermediate basis of projectors in order to perform the partonic calculation. Rather, one
can directly organize the calculation in terms of the physical observables of interest, without the need
for a basis change. Therefore we can simply perform the projections at the level of the partonic helicity
cross sections &; ab(§aPa, & Pp, q) and in the end convolve the result with appropriate PDFs to obtain
the hadronic cross sections.
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2.3 Amplitude and Squared Amplitude Classification

In high-energy processes like Drell-Yan amplitudes and their squares can be organized according to their
scaling with the strong coupling constant ags. This classification helps to keep track of the different
contributions appearing at various orders in perturbation theory and is especially useful when combining
results from different types of diagrams.

Amplitude Classification

In perturbative calculations the amplitudes are expanded as power series in ag, where each term corre-
sponds to a different set of Feynman diagrams. For the Drell-Yan the leading contribution comes from
the Born-level amplitude, which is purely electroweak and scales as O(a?). This corresponds to the basic
Drell-Yan process qg — V — 14~ without any QCD corrections, see Figure for an example. Unfor-
tunately, at this level in perturbation theory the vector boson is emitted with null transverse momentum,
which corresponds to most of the angular coefficients being zero. We are interested in the limit g > 0
therefore we focus our calculation on processes with at least one extra final state particle.

The first finite-gr amplitude appears at order O(O{i/ 2). These are known as LO; amplitudes and
describe tree-level processes involving a single absorbed /emitted gluon, such as:

qq9 — Vg, qg— Vg,

with other configurations obtained by crossing. These diagrams play a key role in the cancellation of
divergences, as could be seen in the Section The full set of LO; diagrams can be seen in Figure [2.2
We have already established that in our convention our incoming partons have the momenta p, = £, P,
and p, = &P, and overall the structure of the momenta for the 2 — 2 process is shown in Figure 2:2]
where

q(pa)a(py) = V(g)g(k), a(pa)g(ps) = V(g)q(k).

At higher orders, we encounter virtual corrections to the LO; amplitudes, referred to as NLO; ampli-

tudes, which appear at O(ai’/ 2). These involve one-loop diagrams and do not change the number or
type of external partons, meaning the initial and final states remain the same as in the LO; processes:

qq9 = Vg, q9—Vq.

Overall there are 13 possible one-loop diagrams for each of the channels, all of them are shown in
Figures 23] and The external momenta convention is the same as for the LO; process.

At a higher perturbative order, we also include a new class of tree-level diagrams, referred to as LOg,
which involve two real partons in the final state. Examples of such processes are shown in Figures |2.6
and The corresponding partonic channels include:

qq = Vaq, qq—Vgg, a9—Vaqy, qq—Vaqq, gg— Vqq.

The momentum convention is

In general, the label LO,,, NLO,,, etc., indicates both the perturbative order and the number of final-state
partons (i.e., hadronic radiation) in the process. For example:

e LO;: Tree-level with one emitted parton (O(ai/z) in amplitude),

e NLO;: One-loop corrections to the LO; process ((’)(o[z/z) in amplitude),

1
s

o LOg: Tree-level with two emitted partons (O(«;) in amplitude).

The complete classification of amplitudes relevant for our calculations is summarized in Table 2.1}
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Figure 2.2: Quark-antiquark annihilation with production of a vector boson and hard gluon (¢ and gq) and
quark-gluon Compton scattering (gq, g9, gg and dg). Gq, gq and gg diagrams can be achieved from reversing the
direction of the fermion line (from ¢ to gq, qg to gg and gg to gq)
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Figure 2.3: NLO; diagrams for gg — V¢ process.
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Figure 2.4: NLO; diagrams for q§ — Vg process.
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(a) All possible diagrams for the ¢q¢ — V¢g channel: T-channel (1, 2, 3, 4) and S-channel (5, 6, 7, 8)
(b) All possible diagrams for the g¢ — Vgq channel: T-channel (1, 2, 3, 4) and U-channel (5, 6, 7, 8)
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Figure 2.6: All possible diagrams for the (a) ¢¢g — Vgg, (b) g9 — Vqg, (¢) g9 — V¢ channels
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Amplitudes classification gr > 0
O(as") Oas”) O(a})
LOl NL01 L02
—+—Q000, A WATAVAVAVAY:
Y
¥ Y hQOQQOQ,
r
—e—hn Ny \0Q, | —=—RQ00Q0,
Figure Figure Figure

Table 2.1: Classification of Feynman diagrams according to the order of the strong coupling constant as at finite
vector boson transverse momentum. The table presents different amplitude contributions: leading-order (LO1)
((’)(aiﬂ)), next-to-leading order (NLO;) ((’)(ozg’/Q))7 and higher-order LO2 (O(al)). Each column corresponds
to a specific order, with associated example Feynman diagrams for qg — V' X processes and references to figures
with all relevant diagrams.

Squared Amplitude Classification

To compute cross sections, one must square the amplitudes and sum over all relevant partonic channels.
These squared amplitudes also follow a classification by their order in ay. At leading order, the cross
section is given by squaring the Born-like amplitude, which contributes at O(a?). As mentioned above,
we are not interested in the null transverse momentum limit, therefore any combination of Born diagrams
are beyond this project.

At next-to-leading order (NLO) in finite-gr, we have the square of the LO; amplitude, which con-
tributes at O(al). We will refer to this contribution as the single-real (R).

At next-to-next-to-leading order (NNLO, O(a?)), we encounter two types of contributions: the inter-
ference between the LO; and NLO; amplitudes (called real-virtual or RV, as the NLO; has both real
and virtual contributions), and the square of the LOg tree-level amplitude (called double real or RR,
as LO3 has two real final state emissions). The structure of these contributions is shown in Table

Amplitudes squared classification gr > 0

O(al) 0(a7)
NLO = LO; x LO;=R NNLO = LO; x NLO;+ LO; x LO;=RV+RR
' | B B |
X X " RS X

Figure x Figure Figure x Figure Figure x Figure

Table 2.2: Classification of squared amplitudes based on the order of the strong coupling constant as at
finite-gr. The table presents different contributions: next-to-leading order (NLO) and next-to-next-to-leading
order (NNLO). Each term is constructed by squaring or cross-multiplying amplitudes from different orders, as
illustrated by the corresponding example Feynman diagrams for ¢q¢ — V' X and references to figures with all
relevant diagrams.

2.3.1 Color structure

Furthermore, it is possible to divide the combinations of diagrams into types based on their color struc-
ture, which is defined through the overall color factor that appears after summing over (but not yet
averaging!) the internal color degrees of freedom in the Feynman diagrams. This classification allows to
identify different contributions from different processes and helps isolate terms based on specific color
factors or their combinations. These factors represent the Casimir of the fundamental representation
(Cr) and the adjoint representation (C4) of the SU(3) color group, while T is the trace normalization
factor for the fundamental representation, defined by

1
Te[T°T] = TR, with Tr = 5 i SU().
This classification simplifies the process of organizing and computing the contributions from various

color channels, as the terms with different color structures do not interfere with each other and contribute
independently to the final cross-sections.

16



The main SU(3) relations useful for calculating color structures include:

o Tr[T°T?] = T, where T® are the generators in the fundamental representation.

p— i . . NZ—1
° T;”T,;” = CFdy,, where the Casimir operator for quarks is Cr = 55— = %

o fabefabd — ¢, 5°¢ where the Casimir operator for gluons is C4 = N, = 3.

NLO channels can have only one possible color structure CrC, therefore all the single-real and
real-virtual terms will be proportional to it.

Tables and display the color factors for the combinations of diagrams corresponding to the
real-real processes q¢ — Vgg and qq — Vqq, respectively. Other partonic channels can be obtained by
crossing from qg — Vgg and qG§ — Vqq, and thus inherit the same color factors. In particular, g§ — Vqq
and gqg — Vqq have identical color factors. Similarly, q¢ — Vgg, qg9 — Vqg, and gg — Vqq share the
same color structure.

1[2] 3 415] 6 7] 8
é C2C4 C2C4 — LCpC3 ~ Cp
kd CrC2
5] C2Cu — LCrCE ~ Cr C2C4
G
o CrC2 CrC2

Table 2.3: Color structure for diagrams for process q@ — Vgg as illustrated in Fig Note that the blue
(~ CF section) is a linear combination of the CIQJC’A and CFCZ color structures.

_1\2\3\ 4 5\6\7\ 8 _1\2 3\ 4 5\6\7\ 8
1 1
E TrCrCy C2C4 — %CFCE‘ ~ CFg El final state the same
>u vy QuQa Q3 in both diagrams
5 5]
2 C%CA — %CFC’fl ~ Cp TrCprCa 2 final state the same
= = in both diagrams | Q,Qq Q2

Table 2.4: Color structures (left) and charge configurations (right) for the combinations of diagrams for the
process q@ — Vqq, as illustrated in Fig. The left side displays the color factors. The right side shows the
charge factors, where for diagrams 1, 2, 3 and 4 we have assumed that antiquark is @ and quark is d. For diagrams
5, 6, 7 and 8 incoming states are u@ and outgoing states are dd. Q. and Qg represent the charges of up-type and
down-type quarks, respectively. Upper left corner of the tables corresponding to combinations of 1, 2, 3 and 4
diagrams is referred as T-channel and lower right corner with 5, 6, 7 and 8 as S-channel.

2.3.2 Charge configuration

Additionally, diagrams can be categorized based on their charge factors, as the coupling of the vector
boson depends on the flavor and charge of the particles involved. Diagrams may have different charge
factors depending on which line (incoming or outgoing) the boson couples to. Since only the flavor of the
incoming partons is specified in the partonic cross section, the flavor of the outgoing particles can vary,
leading to different charge factors. Similar to the color factors, diagrams with different charge factors are
independent and can be treated separately in calculations. The right table in Table lists the charge
factors for the process q¢ — Vqg. Charge factors for ¢q¢ — Vgg would all be identical, since there is only
one quark line participating in the interaction.
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Figure 2.7: Example pole structures in double-real (left) and real-virtual (right) diagrams.

2.4 Poles and renormalization

2.4.1 Pole structure

Throughout this section and in all related computations, we use dimensional reqularization, which is
essential due to the potential appearance of divergences. These divergences manifest as poles in the
regulator € = (4 — D)/2 when working in D spacetime dimensions. In general, two kinds of divergences
may appear: ultraviolet (UV) divergences, which arise from the high-momentum (short-distance)
behavior of loop integrals, and infrared (IR) divergences, which are associated with soft and collinear
limits of massless particles.

Double-real emission diagrams exhibit IR divergences in configurations where the final-state partons
become soft or collinear. As a concrete example, consider the left diagram in Fig. 2.7 where the internal
quark propagator scales as (pp — k2) 2. Assuming massless external partons, this becomes (pp - ko)1,
which further reduces to (E,, Ex,(1 — cosfp,x,)) ", where E,, and Ej, are the energies of the particles
pe and k; respectively and the 6,1, is the angle between these two particles. This expression diverges
either when the emitted gluon becomes soft, k5 — 0, which is defined as the ko soft limit, or when it
becomes collinear with the incoming quark, cos @, r, — 1, which is referred to as the initial-final collinear
limit. Additional IR singularities appear when the two final-state particles themselves become collinear
(final-final collinear limit). These various configurations can contribute overlapping divergences, and the
generic structure of the resulting poles takes the form

1
———t—, (2.30)
iR IR

where the double pole arises from the overlapping soft and collinear regions of the phase space.

Real-virtual terms, on the other hand, contain both loop and real emission components and are
therefore sensitive to both IR and UV regions. An example is shown in the right diagram of Fig.
where a gluon loop leads to an integral of the form [dP¢/¢3, which diverges in the ultraviolet limit
£ — oo. The structure of poles in such diagrams is typically

1 1 b
— + =+ —. (2.31)
€uv €IR €IR

The infrared double-divergences in the RV processes must cancel with those arising from the RR dia-
grams, because these are the only places at our order in the strong coupling where the 1/€2 could arise,
therefore for physical consistency they have to cancel at the end. The single IR poles in the RV and RR
are not necessarily identical, as the mechanism and structure of how the divergence shows up can differ.

The leftover divergences in RV and RR processes are canceled by renormalization. Specifically, the
renormalization of the strong coupling constant in the single real processes compensates for the UV
divergences in RV diagrams. As mentioned in the Section during renormalization of the strong
coupling constant o, the bare coupling g, takes the form as in Eq. in dimensional regularization.
This renormalization procedure in the single-real diagrams introduces an ultraviolet pole in € : —1/eyy.
When higher-order corrections are included, this pole cancels against corresponding UV divergences from
the real-virtual processes.

Therefore at this moment we are only left with the IR poles. For inclusive observables such as
the total cross section, the cancellation of soft and collinear divergences can be proven to all orders in
perturbation theory. This is a consequence of the Kinoshita-Lee-Nauenberg (KLN) theorem [28] 29],
which ensures infrared finiteness in any unitary theory provided that all degenerate final states within
a given energy resolution are summed over. Most known example of the infrared safe observable is the
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total cross section with initial states as hadrons (in our case, protons) and final state other hadrons and
a pair of leptons o (P, P, — X/f).
An important example of an observable that is not infrared safe is the partonic cross section &(p.pp —
X¢0), which is the one we are calculating. Even though the initial particles in hadronic collisions are
hadrons, the actual interaction takes place between their constituent quarks and gluons, which do not
exist as physical asymptotic states. Because of confinement, partons cannot be observed directly, and
their hadronization into physical states is inherently non-perturbative. This means that the assumptions
behind the KLN theorem no longer hold. As a result, infrared divergences in the partonic cross section
do not cancel, and instead have to be absorbed into the parton distribution functions. This process
is referred to as PDF renormalization, and it effectively moves the IR poles into the renormalized
PDF's, which are the non-perturbative objects extracted from experimental data. The renormalization
of parton distribution functions addresses the remaining (a + b)/emr IR divergences.
PDFs renormalization is discussed in the section below and a full derivation of the bare PDFs is presented
in the Appendix

In our final result in order to further simplify the pole subtraction across RV and RR channels we
will resort to using the V + jet threshold factorization as an analytic subtraction, as described in the

Section

2.4.2 PDF renormalization

For some of the IR divergences the poles in the RR and RV will be canceled by renormalizing the PDFs
in front of the cross sections of the single real NLO processes. In this section we will derive the master
formula for these renormalized cross sections.

So far we have the bare general setup of the collinear factorization theorem from Eq.:

d i d a d 1y |, bare are
O Z / 3 ib plhelbare e il D€ (g) 5 P (8, Py, 64, Py g, ), (2.32)

where the UV poles in &iﬁf}f" have already been renomalized by the strong coupling renormalization.
Our goal is to find the renormalized partonic cross section 6; 4, in terms of the bare one 6};’722‘3 by

using the expression for the bare PDF's from Eq. up to O(a?). Inserting the expressions for the
bare PDFs we obtain:

da, d¢/ d dz, dz o1 (& are
Z/ 5I Eb z :/ Faa Za)f[h ] / brb’ [h ](f 7/-1’) ?ab (5 Pa7€beaq /’[’)
a' b ga gb ’ ’ Zp

d¢, d N
—Z / : fl’f[’l ) (€a, 1) £hb]<fb,u)ai,ab(gapa,sbe,q,uL

where

o (1) PY)(2) )

F”(Z) = (5@'6(1 — Z) + + O(Ozs), (233)

4 €
and the DGLAP splitting functions [30, 31} 32] P;;(z) — the probabilities that a parton of type j emits
a (collinear) parton of type 4, with a fraction z — are defined in the Appendix@
After rearranging the sums, identifying the 51’1’1) /Zab = €q,p and rewriting in terms of partonic momenta
one achieves the following expression for the renormalized partonic cross section:

1 1
. dz, dzp re
Gi,ab(Pas Pos @ 1) = hmZ/ . TFa'a(Za)/ ZTFb'b(Zb) 6,005 (2aPay 2P, G 1), (2.34)
a’ b’ Y Zala a 2b€b

where we have already switched to the partonic momenta p,, py.
Now one can expand both renormalized and bare cross sections in powers of the strong coupling:

a‘ " A I n
3% (PasPos 4 1) = Z[Z(:)} 572 " (pas py.a, 1) (2.35)
A aS n
O'i,ab(pavpbvquu) :Z |:4§_‘_Iu):| z(a?)(pa’pb’q :u) (236)

n
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and solve for the renormalized cross section order-by-order.

A quick check for NLO (O(al)) gives Uf a)b(pa,pb, q, 1) = ?Zze a )(pa,pb, q, 1) for e — 0 and ¢ > 0.

For NNLO (O(a?)) one gets:
~bare (2 dZa FaralZa) a ~bare (1
6.2, (Paspvr @ 11) = 57y P (Do o, 0, 1 +Z/ 121‘;( ) (2aPas Por 0, 1)
dz P/ (2b) . bare
Z/ b Zab’( )<paaszbaq>ﬂ)~

The integrals over the momentum fractions z,/z, can be written in the following way:

dz, Zq) ~ bar dz, _
/7Pc59(3( )0i72’§ W (Zapmpbv%ﬂ) = / P Péf)(z(za)gi,a’b(zapaapbaqvu)é(kz)

a a

k=zapa+ppr—4q

P(O)( )01 a/b( apa7pb7 q, ,lL), (237)

a

1
=Ar

where the barred cross section is

~bare (1 b
Ui,ztz( )(Zapa7pb7q /1’) 1?11:2( )(Zapa>pb7q“u’)5(k2)

k=zaPa+pPb—q

Here we have used the fact that the first-order cross section, single real one, within the assumption of the
massless external states has a §(k?) enforcing the final state k parton to be massless. We have separated
out the k parton zero-mass delta function 6(k?) = 6((24pa + p» — q)?) and denoted the rest of the cross
section as ; op. The 2z} is the solution to the (z4ps + pp — ¢)> = 0 and A is the derivative of the
(2aPa + Po — q)% with respect to z, at point z;.

In order to give explicit expressions for these variables we will go to the lightcone coordinates, which
in 4 dimensions for a 4-momentum k = (E, k;, ky, k.) are defined as follows:

k™ =E 4k, P
Kkt =E—k, i 2 )
» = kT cos
_ 2.38 2.38b
kp = \/k2 + k2 (2.38a) k, = krsiné ( )
k - _ .t
o= arctank—y P, = k™ — kT

xT
In terms of light cone coordinates these starred momentum fractions and Jacobians for both a and b

hadrons are:

. kg 443

Za = k_+(k7 +q7)7 (2.39&)

A =kT (k™ +q7), (2.39b)
. kTat+ 4}

Ay =k~ (kT +4q"). (2.39d)

Finally, the master formula for the renormalized NNLO cross section reads:

P( )( =) _bare (1)

~ ~ bar *
(2 (Eapaagbpbvqa )7 zibe (2)(§apa7£bpba% )+6 A* O—zab (apaapba%u)

zab

P(/O Z are *
+ Z b b b }L)ab/ ( )(pa; szb,qa/j/)' (240)
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2.5 Introduction to Soft-Collinear Effective Theory

The great complexity of the pole structure expected in the final result motivates the use of a more
systematic and efficient method for handling renormalization. To this end, we use threshold factorization
as a subtraction scheme in the limit k% — 0. This approach naturally leads to the framework of Soft-
Collinear Effective Theory, which provides the tools to implement the factorization.

Soft-Collinear Effective Theory (SCET)[33] 34, [35] [36], [37] is a top-down effective field theory de-
veloped to describe the dynamics of QCD in specific kinematic regimes. Unlike other EFTs, such as
the Fermi effective theory of weak interactions [38] B9], where entire particles are integrated out, SCET
integrates out only the off-shell modes of the fields.

In this way, SCET provides a framework for describing QCD in regions where radiation is either soft
(low energy) or collinear (small angle). In the section on the pole structure we have already used
this terminology when referring to the various behavior limits of the final state particles. Here these
regions are defined more strictly. These kinematic configurations are everywhere in high-energy processes
at hadron colliders, where the associated soft and collinear singularities dominate the structure of the
cross section in many observables.

SCET is formulated as a systematic expansion in a small power-counting parameter A < 1, which
encodes the hierarchy between the soft/collinear and hard momentum scales. Therefore this theory has
a wide range of applications, ranging from the derivation of factorization theorems to the resummation
of Sudakov logarithms.

In this thesis SCET is used for formulation of the factorization formula at the V' + jet threshold in
Section The following sections on SCET introduction are based on ref. [40] and ref. [41]

2.5.1 Degrees of Freedom in SCET

To set up SCET, one first identifies the relevant degrees of freedom (modes) based on the scaling of their
momenta with A.

In SCET, the relevant degrees of freedom correspond to highly energetic, nearly massless particles
propagating close to the light cone, making lightcone coordinates a natural choice for describing their
momenta. Therefore, the lightcone decomposition is used, introducing lightlike reference vectors n; =
(1,7;) and 0! = (1, —7;) satisfying n? = fi? = 0, n; - i; = 2. These vectors can either correspond to
the incoming hadron directions or the outgoing hadron or jet directions. Any four-momentum p* can be
then decomposed in lightcone coordinates with respect to each of the reference vectors, as

p= TR S = (0 B,
where the p*, p~ correspond to the components along the reference vectors n;,7; and the last two-
dimensional entry p | corresponds to the transverse plane to the reference vectors:

+

pr=ni-p, p=nip. (2.41)

The four-momentum squared is thus:
P =pp +pl =pTp -5}, (2.42)

where we have highlighted the difference between the Minkowski p/ and Euclidean g, . In the following
we will denote the magnitude of the Minkowski vector as p3. = —p? > 0. In the proton-proton collision
with reference vectors aligning with the direction of the two protons, both of which travel along the z
axis, pr would be equivalent to the transverse momentum of the particle with momentum p*. For the
simplicity in the future we will drop the subscript ¢ in the reference vector n;, assuming that there is a
whole set of possible collinear directions.

In SCET we are aiming to integrate out particles with p? ~ AQ?, @2, but keep the degrees of freedom
that have weaker scaling with A\. That means that hard modes such as whose that scale as

p;ﬁ ~ Q(l, ]-7 1)a

and their effects will be encoded in Wilson coefficients of local SCET operators which are obtained via
matching from QCD.
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The key momentum modes with p?> < A2Q? in SCET (ignoring the Glauber modesEI) are:

e (Anti-)Collinear modes: These describe energetic particles traveling along the reference direc-

tions (74) n!'. Their momenta scale as

Pl ~ QA 1,N), (2.43)
ph ~ Q(1,0%, ), (2.44)

where the components refer to scaling in the (n-p,n-p,p1) = (p*,p~,pL) directions. Note that
the power counting parameter A is not unique, as its definition depends on the process.

e Soft modes: These are the isotropic (i.e. scaling homogeneously with \) low energy modes with
scaling

pE~ QA N).

Since the lightcone components of the soft modes are larger that the ones for the collinear modes,
the interaction between them will take the collinear particle off the mass shell. Essentially, since
the interaction of the soft modes with collinear ones would be scaling as AQ:

1 _ _ oL 1
Pn s ~ §Q2(pﬁps + P pd = 2P, 1Ps, 1) = 5622(/\3 + A= 2% ~ Q3

interactions between soft and collinear modes has to be integrated out and incorporated into the
EFT matching coefficient.

e Ultrasoft (or usoft) modes: These correspond to isotropic lowest-energy radiation and scale
homogeneously as
pﬁs ~ Q()‘Qv )‘27 )‘2)'

The interactions of these modes with collinear one is included into the SCET Lagrangian.

In many cases, the description of a given observable involves only collinear modes and either ultra-soft
or soft modes, depending on what is relevant to the measurement. These two regimes are categorized as
SCET], when the dominant soft radiation is usoft, and SCET], when soft modes ~ (A, A\, ) are relevant
instead. For our case we will be using the Lagrangian with SCET] fields and refer to the ultrasoft field
as just soft for the simplicity.

2.5.2 Leading-Power SCET Operators and SCET Lagrangian

The objective of this section is to describe SCET operators and write down the full form of the leading-
power SCET Lagrangian.

At leading power O(A\?), operators in the SCET Lagrangian are constructed from gauge-invariant com-
binations of collinear and soft fields that scale homogeneously with A\, obey the symmetries of the theory
(including gauge and reparameterization invariance, which are not covered in this thesis, for detailed
explanation see e.g. chapter 5 in ref. [41]), and respect the power-counting rules. The allowed operator
structures are determined by these scaling and symmetry constraints, and subleading corrections are
systematically organized as higher-order terms in the A-expansion.

The relevant degrees of freedom describing quarks and gluons are:

B(x) = () + Ya(2) + o(2); (2.45)
At(z) = Ab(x) + Ab(x) + A (a), (2.46)

where we have separated out the fields into the (anti-)collinear (¢, A%) 1, A® and soft s, A* terms.
It is not necessary to introduce explicit fields for other momentum regions, such as the hard region, since
their effects are integrated out and encoded in the Wilson coefficients multiplying operators constructed

2Glauber modes (p’é ~ Q(M\?,)22,)\)) are spacelike momentum modes that can mediate long-range interactions between
different collinear sectors. They can, in some cases, obstruct factorization by introducing non-local effects. However, for
many standard observables, their contributions cancel or are power suppressed. Since we are not deriving factorization
from first principles and focus only on the leading-power operator structure in SCET], we will neglect Glauber modes in
this discussion. For a detailed treatment, see [42].
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from soft and collinear fields.
The fermionic field in each collinear sector is further decomposed into two components:

Pn(x) = En () + @n (), (2.47)

where
6u) = @), pule) = M) (2.49

We make this decomposition because the two components of the fermion field scale differently with A,
since collinear momenta scale differently along different lightcone directions. Also, one of the component,
¢, drops out of the SCET Lagrangian at leading power due to its equation of motion being 7, = 0.
Following the prescription in ref. [40] we would arrive at the power scaling for the fields:

collinear quark fields:  &,(z) ~ A, @, (2) ~ A2,

soft quark field: hy ~ A3, (2.49)
collinear gluon fields: A, (x) ~ (A%, 1, 1),
soft gluon field: Ag(z) ~ (A2, 02)02),

where, as noted above, the ¢, field is suppressed in comparison with the &, .
The general SCET Lagrangian is given as a sum of the hard operators Ly,.q and a dynamical La-
grangian encoding the low energy interactions Lgyn:

LsceT = Lhard + Layn, (2.50)
which can be expanded in the A:
Lscpr = Y L0+ > L8 (2.51)
i=1 i=1

Since we are interested in using the SCET for derive (or at least explain) threshold factorization theorem,
we will be focusing on the dynamical Lagrangian. The rest of the leading-power L4,y can be written as

E(O)

dyn T

=> L+ 0. (2.52)

Uz

Here, E%Oi) describes the leading-power interactions of particles within a given collinear sector n; = n,n
(where again, n refers to a possible set of collinear directions, not just one), including their interactions
with soft gluons, while EEO) describes the self-interactions of soft particles.

To get the explicit leading order expressions for the SCET Lagrangian, one first defines the covariant
derivative:

iDy = 10, + g Ap = 10 + G5 (A + Anp + As ). (2.53)

The n collinear Lagrangian is thus:
E;OE = wnlw¢7L = §n77i1n D¢, + §nUZ)¢ — ZDJ_ %gn
i i
*En in- D&, +£nZanL — Zmni fna (2.54)

where we have both applied the relations #&, = 0, jip, = 0 ﬁ_nl%_én =0, oI on = 0 as well as
integrated out the ¢, field from the Lagrangian as explained in Section 4.2 in [40]. Note that this
Lagrangian now also includes the interaction between soft and collinear fields though the covariant
derivative in the first term. Additionally, since at leading power only the n - A component of the
gluon field has the same scaling in both the collinear and soft sectors (see. Eq.)7 while all other
components of the soft gluon field are power suppressed, the second term in the expression — which
involves only contractions with 72+ A and A, — describes exclusively interactions between particles in the
collinear sector, and thus contains only the collinear covariant derivative:

iDp.y =90, + gsAn p
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For the same reason it is possible to expand the covariant derivative in the light cone basis exchanging
the — and L components for the ones only including collinear fields:

Dt =n- D——&—n D,— —|—D (2.55)

Since the n- Ag(x) is the only component of the soft gluon field that is not power suppressed with respect
to the n- A, (x) component of the collinear gluon field, it would be the only term entering the interaction
of the soft and collinear fields:

in-D=in-0+gsn-An(x) +gsn-As(x_), (2.56)

where n - Ag(x_) is the above mentioned leading power expansion term of the soft gluon field around the
point 2" = (z - 7)n*/2.

As for the gluon fields, collinear terms in the Lagrangian would have the same form as the QCD
Lagrangian with gluon field A* exchanged for the collinear gluon field A#:

1 a a v
£0) = —(F)u(F2™. (2.57)
The Lagrangian with soft fields has the exact form as the QCD Lagrangian, but with the fields replaced
by their soft equivalents and the covariant derivative including only the soft part:

LY =il s — < ( ) (FEH (2.58)

where, unlike the collinear Lagrangian, which includes covariant derivatives containing both collinear and
soft gauge fields, the soft Lagrangian involves only the soft covariant derivative. This asymmetry arises
because soft gluons can interact with collinear particles at leading power, due to their long wavelength
relative to collinear modes. In contrast, from the perspective of soft fields, collinear fluctuations are
highly off-shell and their effects are power-suppressed. As a result, collinear fields do not appear in
the soft Lagrangian at leading order but contribute instead through higher-order operators. The soft
covariant derivative and field strength are given as:

iDF = i0" + gy AY = i0M + g (AY)FT* |
igs(FO)M1 = [iDg,iDY] = igs {O" A — 0V AL —igs[AL, ACT}

Thus full leading-order SCET dynamical Lagrangian is:

L0 = Gib .y, -5 <Fs"> +5ﬁ[m D+ilhy ) ——- zww}sn—7< Fi?+ (n ), (2.59)

where we have kept the color coding from [40] with soft terms being colored in brown and collinear
ones colored in blue. In the last term it is assumed replacement of n* by n* and vice versa only in the
collinear sector in order to achieve the anti-collinear term.

At leading power in the A-expansion, the interaction between collinear quark fields and soft gluons in
the SCET Lagrangian appears only through the n - Ay component of the soft gauge field. This coupling
has an eikonal form and can be removed via a field redefinition, known as the decoupling transformation,
which effectively factorizes the Lagrangian into independent soft and collinear parts.

For the collinear quark field and the collinear gluon field in the n-direction, the transformation takes the
form respectively:

&n(@) = Yal(z-) € (2),
Al(z) = Yo (2o ) A ()Y, (2o), (2.60)

where ¢ and A" (z) are the decoupled collinear quark and gluon fields, and Y;,(z) is a soft Wilson
line:

Y, (z) = Pexp (igs /O dsn - Af(x + sn)T”) . (2.61)

— 0o

In the last line the symbol P refers to the path ordering of the color matrices. The conjugate Wilson
line Y;! is defined with the opposite ordering prescription.
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In general, a Wilson line W (x, y) is a gauge-invariant, non-local operator defined as the path-ordered
exponential of the gauge field along a chosen spacetime path with endpoints x and y. It is customary
in SCET to use Wilson lines that go to the infinity W(x) = W(x,—ocon). In more broad terms, in
QCD Wilson line represents the parallel transport of a color charge through a gauge field and captures
the accumulated phase associated with traversing a gauge connection, therefore encoding how gauge-
dependent fields transform along that path.

Analogously, the anti-collinear fields &5 are redefined with Wilson lines Y5 along the n-direction.
After performing this transformation, the leading-power SCET Lagrangian becomes fully decoupled:

LY = Y LOEDAD) + LO (0, A, (2.62)

n;=mn,n

in which the interaction term now reads:

it

2 in . DOED (@) = 0

g‘n%m - D&y () — €0 5 (in -0+ gon - AD (@))€ (z) (2.63)
This structure reflects that, at leading power, collinear and soft sectors evolve independently. It is
important to emphasize that this decoupling holds only at leading order in the power-counting expansion.
At subleading power (O()) and beyond), the decoupling breaks down, and subleading Lagrangian terms
include nontrivial soft-collinear interactions.

The SCET Lagrangian does more than just identify the relevant degrees of freedom and their scaling
with A, as it also makes clear how the different sectors of the theory interact and organize at leading
power. After performing the decoupling transformation, the soft and collinear sectors no longer interact
directly in the Lagrangian, which allows us to separate their contributions in physical observables, such
as cross sections. This separation forms the basis for writing a factorization theorem, which will be
introduced and applied in the following sections.

2.6 Using V + jet threshold factorization as an analytic subtrac-
tion

In this section, we go back to the pole structure described in Section [2:4.1] and describe our approach
to organizing and handling the infrared and ultraviolet poles that appear in our process. We begin by
separating the cross section according to its behavior in the limit there the invariant mass of the final-
state hadronic system k% — 0, which is called partonic threshold limit. This limit corresponds to the
V 4 jet configuration, where the vector boson must recoil against a jet, and the available phase space
restricts this jet to be nearly massless. We can apply the threshold factorization theorem derived from
SCET, which significantly simplifies the structure of infrared singularities in this limit. This approach
allows us to make use of known results for the soft and jet functions, and reduces the remaining task to
computing the infrared-finite part of the real-virtual corrections.

2.6.1 Parametrizing the PDF convolution integral

First things first we define the parametrization used in this section.
The partonic cross section depends on p#, pl', ¢*, which together fix the total momentum k% = k* of
the hadronic final state with & = —¢//. To organize the PDF convolution integral, it is convenient to
change integration variables to the rapidity and invariant mass of the hadronic final state,

1. k™

N s 261

Accounting for the simple Jacobian of d¢, d&, = dyy, dk?/(P, Pb+ ), this results in

dal Z/dﬁa d&, ) N (€)64 ab (€0 Par € Po . 1) (2.65)

—Z/dyk di Y (g‘ivu) b[h"](P+,u) Giab(Pas Db, @5 11) 5 (2.66)
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where now p, j, are dependent functions of y, and k? under the integral,

nt nt
Ph= 7(1{ +1\/a7 + k2 e+y’“) .= 7(q+ +1/ 47 + k2 e*yk> : (2.67)

And the 6; 45 in general would then include terms which arise from the distributional expansion of terms
with 1/k%72¢, and the finite remainder O[(k?)°]. We stress that going from Eq.(2.65) to Eq.(2-66)) involves
no approximation. In Eq., we have kept the integration limits implicit in the physical support of
the partonic cross section and the PDFs,

filw,p) o< 0(x)O(1 =), &5ab(Pas Py g5 1) x O(K?) (2.68)

where 6(k?) is the Heaviside function.
Performing the inner k2 integral first, the explicit integration range for k? at fixed y; reads

a

2
0<k?< [min{(P_ —q e Yk, (PbJr — q+)e+y’“H —¢%. (2.69)

The outer integration bounds on y; are then
+ + P — q-

P —
29 <L
qr qr

—In (2.70)

2.6.2 Structure of soft and final-state collinear singularities

The advantage of having k? as one of the integration variables in Eq. is that at ¢p > 0 singularities
that require a plus distribution prescription in the renormalized partonic cross section uniquely arise as
k? — 0. This is the limit of small invariant mass of the final-state partonic system, where either (a)
all final-state partons except for one become soft or (b) all final-state partons become collinear to each
other. By contrast, other singularities that for ¢gr > 0 can still manifest as plus distributions within the
renormalized partonic cross section, such as the limit of all partons becoming soft, are cut off by ¢r > 0.
Essentially, using this parametrization the partonic cross section divides into two contributions:
singular and the non-singular with respect to the behavior as k2 — 0,

&i,ab(paapba q, :u') = C}?j;g(paapba q, ‘LL) + &i,ab(pa,pba q, N) - 6?}2§(paapba q, N) (271)

k2>0

~non-sing

Giap . B (Pa,Pb,qs)

In other words, the leading singular behavior of the renormalized partonic cross section takes the following
form as k2 — 0,

~ ~sing/~  ~ k2
Uiab(paapba Q7M) = Uiabg(paapba q, kQ?M) |:1 + O(q+q7 )i|7 (272)

where the all-order structure of the singular cross section is

~sing/~  ~ Qs " n,— ~ o~
&5 an (Bas Py, @, K, 1) = Z[(u)} {cz(-ab Y (Bas B 4, 11,v) 0(K?)

47
pi (nym)/~ ~ 2 ln(k2/y2) v
+ D o (Bas Pr g s V) [9(k )TL : (2.73)
m=0

V2
Here [0(k?) q(k?)] . » denotes a plus distribution in the dimensionful variable k2. Tts action on a regular
test function f(k?) is given by

2
1/2 14 oo
Ja2 [0 a0], 102 = [ ak o) [50) — £0)] + [ ak a) £07). (2.74)
0 v

More information on plus distributions is given in Appendix [C]

The dependence on the (arbitrary) boundary condition v of the plus distributions exactly cancels at each
individual perturbative order in Eq.(2.73)) between the plus distributions and logarithmic terms in the
various coefficients in Eq.(2.73)).
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The single-real and real-virtual contributions, as well as higher-loop corrections to subprocesses with
a single on-shell parton with k% = 0 in the final state (N"LO;), are entirely localized at k* — 0 and
appear as terms proportional to §(k?). Their infrared singularities cancel against those arising from the
integration over soft or final-state collinear radiation. The remaining finite pieces at k? = 0 contribute
~sing

to the singular part of the cross section, &, ;.

The real-real contributions on the other hand can have terms local to k2 = 0, but can also include
k*-finite terms O(1) or O(k?), these will enter in the regular piece of the full cross section 77, "
This analytic separation into singular and nonsingular parts also allows for an efficient convolution
with PDFs. The singular terms, involving distributions like §(k?) and [1/k?], require careful treatment
near the k2 — 0 limit. Meanwhile, the nonsingular part is fully finite and can be integrated numerically
using a parametrization like the one in Eq. as a standard two-dimensional integral over y; and k2 .
In the remainder of this section we describe how the coefficients c,fZ})m) are obtained from the all-order
threshold factorization for V' + jet production, and then discuss how the desired total cross section can
be assembled by performing a separate, simpler calculation of the renormalized partonic cross section at
k? > 0. The specific implementation of these two steps for the case of the Drell-Yan angular coefficients
at O(a?) is then described in Chapter 4| and Chapter |5} respectively, in turn covering the real-virtual

and real-real contributions to the cross section.

Choice of Born projection

Before we proceed, we have yet to comment on the notation p, , that we introduced in Eq. for the
arguments of the singular cross section. Here the tildes indicate that the arguments p,, pp, and ¢ of the
partonic cross section, which in general correspond to a phase space point p, + py = ¢+ k with a massive
hadronic final state k2 > 0, are projected onto the underlying Born phase space of a 2 — 2 scattering
process po + Py = q + k with P2 = ]5127 = 0 as before, but with a single massless final-state momentum
k% = 0. There are some choices involved in how this Born projection is performed, and in the following
we motivate the choices we make and give the explicit expressions for the Born projection.

We are aiming for an analytic calculation of the cross section fully differential in ¢, so we are required
to keep ¢ = ¢ fixed in this projection. This means that the change from k to k must be absorbed by
adjusting the initial-state parton momenta from p,; to P, . Furthermore, we would like to ensure that
the CS frame is held fixed under the projection to avoid having to account for mixing between structure
functions. Thanks to Eq.(2.23)), this is easily implemented by taking p., to still be along the z axis
and be proportional to the unity vectors along it, n and 7n respectively, and not pick up any transverse
momentum. This implies I;:ﬁ = k', but still leaves a choice in which other properties of k to hold fixed in
the projection. A projection that plays particularly nicely with our integral parametrization in Eq.
is to hold the rapidity fixed,

1 k™ 1k
Overall, this results in the following Born projection:
- n# n _ n;
k= ?qT6+yk +?QT6 Yk _qﬁi Euu?,
. nt* . nk - nH ~ nt
p’j:?(q Jrk)zwa?, pf;:?(quJrkJr)Ewb?b, (2.76)

where we have already defined the momenta of the Born projection to be along three principal collinear
directions: n/; is the jet direction and n#,n} are the beam directions.

2.6.3 Factorized singular cross section from the V + jet threshold limit

As mentioned above, the k? — 0 corresponds to the partonic threshold limit, there the physical configu-
ration corresponds to the vector boson recoiling against a nearly massless jet — 7V + jet”. The singular
terms in Eq. are localized in this limit, therefore this section will deal only with them. An efficient
way to organize the cancellation of the IR and UV singularities for these terms in this limit is to make
use of the known factorization theorem of V' + jet production at threshold [43] [44] [45], in the limit where
the invariant mass of the V +jet system approaches the available hadronic center-of-mass energy (k? — 0
at Q ~ qr ~ Ecm)~
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Thus the renormalized singular k2 — 0 partonic cross section is obtained by stripping off the renor-
malized PDFs from the V + jet threshold factorization theorem, which in our notation results in

1 S
Z Liiyvv(@®) Hivv' ab(Bas Py, q, 1) (2.77)

G5 (G iy 0, K2, ) =
iab (pavpbv q ’/1') 2]3;]32_ <

X /d(i%-ks)sab(ic-ks,yk,u)/dst(ab)(s,u)(s(kQ—s—2/%-ks).

On the first line, ﬁ;pﬁ;r = 2P, - Pp = E.& B2, is the partonic center-of-mass energy squared, Ly vy are
the leptonic prefactors from Eq. and H; vy qp is the hard function, which encodes the effect of
hard virtual corrections to the underlying Born process. The hard function is given by the square of the
IR-finite part of the Born and virtual amplitudes for the process a(p,) b(py) — V(q) j(l;), projected onto
the vector-boson helicity channel i. At example of the NLO contribution to the hard function is shown
in Figure

On the second line, S, is the V + jet threshold soft function, which describes the effect of isotropic
soft radiation in the event. It is given by a vacuum matrix element of fundamental and adjoint soft

Wilson lines (Y,,,, YnT) along the directions p!, , of the incoming partons and the direction of the outgoing

jet kM (n; = ng,np,ny):
(0| T+ T {(YijT“YJYb> (a:,)] T [(l/b*YkT“YJYa) (0)] 0) = CFNC/Omd(kaD6""cj “ 2 Sq(waky),
O T [ (VivTy i) ()] T [(WIvTeyva) (0)] 10) = CrN. / " (k) e T2 5 sk,
0

where z_ =n; - x and kI = n; - ks, such that wsjk} = k- ks. T® are the fundamental color generators.
T denoted time ordering, while T denotes anti-time ordering — it orders operators from left to right
in increasing time (later to earlier). As could be seen from the definition above the soft function only
depends on the color charges of the particles in the Born process (i.e., whether the process is ¢ — Vg or
qg9 — Vq), and the conformal cross ratio of their dot products — the polar angle of the jet as encoded in
yr- In addition, it depends on the quantity that is measured on the soft radiation, which is the projection
k - ks of the total soft partonic momentum k# onto k*.

Finally, the jet function J; encodes the effect of collimated final-state collinear radiation and depends
on the total invariant mass s of the jet system, which ends up contributing to the total partonic invariant
mass k2 as k2 = s+ 2k - k,. The jet function depends on the parton type of j (on whether j is a
quark/antiquark or a gluon), and is defined as a vacuum matrix element of collinear quark or gluon
fields, respectively:

; g 4 '
<O|>_(ZJ(‘T) %JX?](O>|O> = 5”/ (gﬂ_}))?) G(po) 5(ny-p) Jq(pZ) e~ TP
(L3 2) AL 0)10) = (1) [ 35 067) 80 Ty 0 e,

where p? = (k—k;)?, which in Eq.(2.77) is shifted to s by the 6(k? — s — 2k-k,). In the definition A?ﬁ_(a:)
is the perpendicular component of the gauge-invariant n; = n j-collinear gluon field with color index a
and x7, () is the gauge-invariant quark n -collinear field with color index i. These gauge-invariant fields
are defined as:

@) = W) M) A ) = W) D2 W), (2.78)

where 1;(z) is the previously defined collinear quark field, and Dg, | is the perpendicular component of
the collinear covariant derivative. W;(x) is the collinear Wilson line:

0
Wi(z) = Pexp (zg/ dsn; - Ai(z + snl)) . (2.79)
Both above-mentioned soft and jet function are normalized to

Sap(k - kg, yp, 1) = 6(k - ks) + O(as) Ji(s, 1) = 8(s) + O(ay) (2.80)
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Figure 2.8: Left: V + jet threshold factorization of the scattering amplitude, p,,p» are the incoming partons,
q is the outgoing vector boson and k = kj + ks is the hadronic radiation. Blue lines correspond to the particles
collinear to the outgoing jet and red thin lines denote soft emissions. Right: Virtual corrections to the hard
function H. The first-order term H) corresponds to the squared tree-level single-emission (LO1) amplitude.
The second-order term H® comes from the one-loop correction to this amplitude, which correspond to the finite
part of the real-virtual cross section. Figure adapted from ref.[48]

at tree level and — rather impressively, in the case of the soft function — are fully known to O(a?)
[43], [44], [45], [46], sufficient for the overall O(a%) (N3LO;) at cross-section level [47] .

The most useful for the IR and UV renormalization fact about the all-order factorization theorem
in Eq.(2.77) is that it involves renormalized matrix elements and Wilson coefficients (i.e., the IR-finite
parts of hard amplitudes) that are individually finite in D = 4. Therefore for the singular cross section
it is not required to perform the strong coupling and PDF renormalizations, as they have been handled
internally within each part of the factorization theorem.

About the PDF renormalization in the Eq. it is relevant to point out that the factorization
theorem in Eq. can be written down at the level of either the renormalized or the bare partonic
cross section due to the fact that taking the threshold limit commutes with the PDF renormalization when
the DGLAP kernels P;; are also consistently expanded to their leading O[(1 — 2)7'] (z = 1, as k* — 0)
terms. In particular, k% — 0 at the level of the renormalized cross section retains the leading O[(1—2)71]
terms from the splitting functions in the PDF counterterms, which are absorbed into the renormalized
threshold-factorized cross section. By contrast, convolutions of the finite O[((1 — 2)°] remainders of the
splitting functions with the bare cross section at lower orders (either leading or subleading in k?) result
in a term that is overall power suppressed in k2. Therefore for our convenience we choose to use the
already renormalized threshold-factorized cross section in our singular calculation, in order to not to
have to deal with the IR and UV poles for the RV loop terms.

While the PDF renormalization is thus still required to obtain the complete finite remainder at k2 > 0,
and will also contribute nontrivial finite terms to it, including it is made significantly simpler since at
O(a?) we only need to account for the PDF counterterm at z < 1 (k? > 0), which greatly simplifies the
functions of the splitting kernels F;; and therefore the master formula in Section

Here we will provide more explicit expressions for the right-hand part of the Eq. using the
expressions for the renormalized NLO soft and jet functions from ref. [43].

All of the QCD-dependent terms in the Eq. can be expanded as perturbative series in strong
coupling:

- as(W\" n -
Hi vv’ ab(pa7pb7Q7/’(‘) = Z (()) Hi(V)V/ ab(paapbaq7/j/)a

= 4
~ as n n ~
Sab(k : ks»ykvﬂ) = Z (45TH)> Sc(l,b)(k . ksayka /U’)v
n=1
as()\"
D) = 3 (2520} 83 510,
n=1
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Combining them and expressing the term O(a?):
Hiyy ab(ﬁaaf)ba Q7/~‘L) /d(];: : ks) Sab(]; ' k‘.87ykmu) /vdS ‘]j(ab)(sa:u) 6(k2 -5 2]; : ks)
a? . .
= <471’) le%)V’ ab(pa,pby qa :u)(s(kQ) + Hi(%)\/' ab(paapba Q7 :u’) (S(S)) (k27 yk'7 /J“) + ‘]J(gib) (k27 :u’)) )

where the factors multiplying H i(?/)v, b are derived through taking the combinations of different (a?, n < 2)

S

orders of soft and jet functions. Here again, H i(%/)V’ ab(Pa> Py, q) is the second order hard function, which

encodes the RV corrections to the Born process. H i(%/)V’ ab(DPa> P, q) is the first order hard function, which

is just proportional to the single real cross section without any loop corrections.

At the leading order, a?, the S and J are proportional to d-functions of their variables, therefore the
convolution of them reads:

S((L(;)(];’ks;yk,ll):(;(];%ks)’ J;O)’(S’“):(s(s)

/d(i% k) SO (- kg, g, 1) /ds Ty (5:1) 6(k? — 5 — 2k - k) = 6(k?), (2.81)

The cross term of the first order soft function with a tree-level jet function is:

k [];:-ks,u]
k-ks 2n4 Ny
~ many ] [ (b )
Sgt)(k'ks,ym#):@ |:21n2(nnb) 7T:| 5(kk3)+ } J Ny ng
Na

I )
TN Np - NJ k- kg

+
TP (s, 1) = 6(s),

/d(;; k) S (k- kg, yp 1) /ds T (5.10) 8(K? — 5 — 2k - k) = 8§ (K, i p)

2
(21n2 <4) - ”) 5(k?)
Ng *NJNp - NJ 3

2 2 2 2 v? Loy (2
+ 16| L1(k%,v7) + Lo(k%,v*) In —|—25(/€)ln

wy wy

N %m (W) (ﬁo(kQ, V%) + 6(k?) In (Jjﬂ)) )] : (2.82)

where Cy = Cp — %CA for a gluon, so process ab = qq (¢G — Vg) and Cq = %CA for ab = qg (g9 — Vq).
Here we have also introduced the notation

=

Ln(x,p) = ﬁﬁn(z/ﬂ)a Ln(r) =

7

1 O(x)In" x 1]
z +
where the so-called boundary condition p can be shifted by applying:

/! !/

1
L1(z, 1) = L1z, 1) + In %co(%u’) + 5’ %5(95),

!

Lo(@, 1) = Lo(w, 1) +1n %&z).

As mentioned above, all dependence on the arbitrary boundary condition v drops out in the full result.
The terms with first-order jet functions are as follows:
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a) quark jet for ab = qg

Stgg)(k"k‘syykw,u’) :5(];314/’8)’ Jél)(s,ﬂ) :OF / S
+

L e

3 ) (
/d(k-k)S(O (k- kg, yp, pt /dsJé(qg) ) (K — s — 2k - kg) = I3 (K, )

(7— %) 6(k?) +4 (Ll(k2, v?) 4+ Lo(k?,v%) In (:2) %5(1&) In” (Zi))

-3 (Eo(kQ, V%) +6(k*) In (Zi)) 1 , (2.83)

:CF

b) gluon jet for ab = qq
- - 2
Si(l);) (k : ks7yk7u) = 6(k : k8)7 Jg(l) (&M) = (CA (697 - 7T2> - 90Tan> 6(8)
1 2471 [s:4%] 171547
e [ n(s/p )] P [}
s n 5]y

[ k) S E ko) [ds I8y (50 80 = s = 2K k) = J{D (0.

- (CA (%7 - 7r2> — QQ()Tan) (k%) +4C4 (ﬁl(kQ,yz) + Lo(k?, %) In (:2) %5(/&) In? <:Z))
— Bo (ﬁo(/ﬂ2, v?) 4+ 5(k?) In (/’j;) : (2.84)

2.6.4 Final result
Here we recap that the fully renormalized partonic cross section is given by:

~ non- smg

(}i,ab(paapba%.u) = a—jjsg(ﬁaaﬁba%k2vﬂ) +0 zab (pa,Pb,q7k27H), (285)

where the fully IR- and UV- finite singular term captures all threshold-localized contributions as k2 — 0,
and is written as:

(}z ;bg(ﬁaaf)ba q, N) 2~_ ~+ Z L(i)z vv’ (Hz(\)v/ ab(Pmpb, q, 1 )5(k2)
Vv’

as(p ) " 1
+2 o Hf%/)wab(pmpmq,u)(Sbe)(kQ,yzc,u)+J§(13b)(k27u)))- (2.86)

Here the dependence on the strong coupling a;s has been absorbed into the definition of the hard functions.
The structure of factors in the second line — the soft and jet functions, as well as the first-order hard
functions, that consist of the finite single-real contributions — are fully known in the literature [43].

However, the full set of helicity-projected second-order hard functions Hi(%,)v/ up» Which receive their
contributions from the RV terms, is not known analytically. In Chapter 4] we describe how to efficiently
perform the helicity projection of the RV contributions directly at the level of the amplitude, using the
well-known spinor-helicity amplitudes for a(p,) b(py) — £~ (p1) £ (p2)j(k) as input data.

Since all of the real-virtual contributions (and a portion of the real-real ones in the form of H" (S +
JM)) are included in 0“25, the remaining part of the RR contributions must enter the regular component

of the cross section. The latter one is obtained by subtracting the singular term from the full (PDF
renormalized) RR result:

~non-sing & full, RR

Ui,ab (paupbaq7k 7/1/) 1ab (paupb7Q7k27M) - a—?;bg(ﬁtmﬁb?qakQ?M) 2 (287)

>0

The condition k% > 0 ensures that only the part of the singular cross section relevant to RR is subtracted,
since the entire RV contribution is proportional to §(k%). In Chapter [5| we describe how we compute
these RR remainder terms through the conventional Feynman rules. Subtracting the singular part from
the full renormalized RR cross section yields the non-singular remainder that completes the full result.
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Chapter 3

Flavor decomposition of partonic
cross-sections

In this Chapter we move on from the more ideological concepts of our calculation and talk about the
organization of the weak couplings in our final result.

3.1 Introduction to the approach

In our calculation we consider only identical quark flavors and included the VV’ = ZZ boson as the
intermediate vector boson. Therefore we temporarily drop the indexes V'V’ in our results, assuming
that both the vector boson of both sides of the amplitude and conjugated amplitude are Z bosons. In
reality, multiple quark flavors and other neutral or charged bosons (such as v and W) can contribute.
However, the most complicated parts of the squared matrix element are structurally independent of the
specific quark flavor or boson type — only the electroweak couplings vary. This allows us to take the
complete result, remove the specific electroweak coupling factors used, and later reinsert a more general
set of couplings to account for the full flavor and boson content.

Each diagram may carry a distinct electroweak coupling structure, for example, some couple to a
single quark line, while others connect different quark flavors on the amplitude and conjugated amplitude
sides (i.e., ”across the cut”). To systematically organize this complexity, we developed a diagrammatic
approach based on flavor topologies - the so-called ” Pysanka” or ” Easter egg diagrams” - which allow
us to track how each flavor flow pattern corresponds to a particular structure of electroweak couplings
in the Drell-Yan-type processes. The key idea is to represent the amplitude and its complex conjugate
within a single topological diagram, shaped like an Pysanka (a Ukrainian decorated Easter egg).
Figure shows how this representation arises from a rearrangement of the standard cut diagram. The
partons 1,2, which couple to the vector boson, are reflected across the vertical axis, while the incoming
partons a,a’ and b,b" are grouped at the top and bottom of the diagram. This arrangement ensures
that identical incoming parton flavors appear on both sides of the cut, as required for a consistent cross
section. Therefore, the external legs represent the initial state partons (a,a’ and b,b") and the quarks
participating in the weak interaction (1,1" and 2,2'), while the internal structure keeps track of flavor
flow between the amplitude and its conjugate.

We assign flavor indices fi, f2 to the quarks coupling to the vector boson in the amplitude, and f{, f3
to those in the conjugate. The weak couplings are expressed as generic coefficients cy, y,, which could
be used for both charged and neutral vector bosons, therefore the order of the flavor indexes and the
conjugation matter in these couplings:

—iQse, where f = fi = fo, for 7,
Chfy = i%vfﬁn where f # fo, for W+,
+i%Zvy or £i%ay, where f = fi = fo, for Z.

Each diagram then yields a term of the form

H 5ij X Cfy fa C}{fé’

flavor ¢,j
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Figure 3.1: Topological representation of the flavor structure in a Drell-Yan-type process involving a neutral
vector boson V. The diagram on the right shows the standard cut diagram, with incoming partons a,b and
their conjugates a’,b’, and vector boson couplings to partons 1,2 (and 1’,2’). This can be transformed into the
Pysanka diagram on the left by inverting the positions of 1 and 2, and grouping a,a’ at the top and b,b" at the
bottom of the ellipse.

where the combination of Kroneker-delta’s depends on how the flavors are connected: for each line
connecting points ¢ and j there would be one d;; enforcing the same flavor for both partons. We always
assume that the incoming particles on both sides of the cut are the same partons and have the same
flavor, therefore this assumption can be written down as two additional Kroneker-delta’s oy, s/ dy,f; in
front of all the terms in the cross section.

Since these diagrams inherently represent the flavor flow inside the combination of amplitudes, each
of them would represent a unique flavor contraction and therefore a unique EW coupling. There is
a roughlyﬂ one-to-one correspondence between possible EW couplings and the Pysanka diagrams, the
problem of finding all of the relevant couplings comes down to purely combinatorial one — drawing all
the Pysanka diagrams and then computing the EW couplings from them.

One major advantage of this method is that it keeps the analysis completely agnostic to the color flow.
Since gluons are flavor-blind, they can be ignored when identifying weak interaction couplings: we only
care about which quark flavors are involved and how they couple to the boson. Therefore one Pysanka
diagram would describe a whole set of squared amplitudes. This makes the diagrams very general and
useful for organizing all possible weak couplings in a process. It also means the method can be extended
to cases at higher orders of strong-coupling. Additionally, we are agnostic to internal quark loops that
do not couple to the vector boson or the external states, as their coupling would not be present in the
final result.

To count the number of distinct Pysanka diagrams, observe that for j incoming gluons (with j =0, 1,2
for processes with two incoming partons), there remain 8 — 2j flavor-carrying legs that can participate
in flavor contractions. This follows from the fact that gluons do not carry flavor/charge and thus do not
contribute to the flavor structure inside the diagram. Among these 8 — 24 points, exactly half correspond
to incoming flavor currents and half to outgoing ones. The combinatorial problem then reduces to
counting all possible pairings between the 4 — j incoming and 4 — j outgoing points. Denoting the
outgoing points as O1,...,04—; and the incoming ones as Iy, ..., 4_j, each diagram corresponds to a
bijection O; + I, ;) for some permutation o € S4_;. Since there are no constraints on the matching,
as the crossings and nonlocal connections are allowed, the total number of such diagrams is simply the
number of permutations of 4 — j elements, that is, (4 — j)!.

Below we describe the possible Pysanka topologies, their couplings and the possible diagrams they
represent. Please note that as relevant examples of the physical processes we would refer mostly to either
the lowest order diagrams for said topology, and/or to the diagrams that are relevant at our order and
are discussed in the sections above: Born, LO{, NLO; and LO,.

3.2 gg—-VX

For two incoming gluons, there are exactly (4 — 2)! = 2 possible flavor contraction diagrams, labeled A1l
and A2 in Fig[3:2]

The A1l topology corresponds to a quark loop stretching across the cut and contributes starting at
order a2. This Pysanka represents all the diagrams for LOy gg — Vqq.

1 As could be seen from the explicit results below, it is possible to have two or more unique Pysanka diagrams for one
EW coupling, since the diagrams carry a bit more internal information about the process than the coupling.
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Figure 3.2: Flavor contraction diagrams grouped by partonic channel.



The A2 diagram involves two separate quark triangles, one on each side of the cut, with the vector
boson coupling to both. This configuration corresponds to the process gg — V', which vanishes at all
orders due to the Landau-Yang theorem [49, [50]: a massive spin-1 boson cannot couple to two identical
massless spin-1 bosons in a symmetric state. However, once an additional gluon is radiated, as in
gg — Vg, the process becomes allowed, and A2 begins to contribute at o?.

The flavor structure for this channel is

Wy = 00107 cpipacfypy x AL+ 672 672 cp sy x A2

4,99 f1 7 f2
= Z cf1f2clf*1f2 X Al(o(az)) + Z Cflflc/f*{f{ X A2(O(O‘§))v (31)
f1.f2 fi.f1

where the sums are over quark flavors, and in the last line the expressions in parentheses indicate the
lowest order at which each diagram contributes. As mentioned previously, cy, f, c’f*{ f, are couplings from
the diagrams on both sides of the cut: ¢y, 7, on the left (amplitude) side of the cut, c;?‘{ s, — on the right
(conjugate amplitude) side of the cut.

Importantly, since gluons do not carry flavor, the only way they can couple to a vector boson is via
closed quark loops. Consequently, both A1 and A2 necessarily involve internal fermion loops: for Al
it is a quark f; = f{ and fo = f} stretching across the cut, for A2 it is two quark loops f; = fo and
f1 = f4% on two sides of the cut. This imposes a strict constraint on the types of vector bosons that can
appear in such diagrams: only neutral bosons like the Z and ~*, which couple to flavor-diagonal quark
currents, can contribute to A2, while charged currents mediated by W=, which require flavor-changing
interactions, are excluded in A2, but are allowed in Al.

In general, if a diagram contains a direct connection between f; and fo (and/or f] and f4) — that

is, if it involves a factor like 6;’;’ (and/or 5;?), or equivalently a coupling of the form cy, s, — then only
neutral vector bosons such as the Z or v* can mediate the interaction. Any other flavor topology, with
nontrivial flavor flow, allows the possibility of charged boson exchange.

33 qg—-VX

For one incoming gluon, there is (4 — 1)! = 6 possible Pysanka diagrams, labeled as B1-B6 in Fig.
The full flavor structure for this channel is thus:

WYY =" et gy x BUO(W)) + Y epipachy s, x B2O(a?))

fa f1

+ Y cnn g, X BYO(2) + Y er iy x BA(O(a2))
f1 fi

+ ) cppdfiy, x B5O(@2) + > e pcfp x B6(0(al)) (3.2)
f1.f2 f1,f1

In diagram B1, the incoming quark directly couples to the vector boson, while the real gluon connects
to a closed quark loop across the cut at flavor fy. The structure effectively resembles a Born-like diagram
in its upper half, where the quark line connects uninterrupted to the boson. All of the LOy qg — Vqg
and most of the NLO; qg — V¢ (except for the top-loop) diagrams fall into this category. Diagram B2 is
the crossed counterpart of B1, where the loop now forms on the f; side. Since we assume the lower legs
b and V' to be gluons, this crossed configuration contributes only at higher orders in the strong coupling.

Diagrams B3 and B4 represent the topologies with a single quark loop on the f; = fy and f| = f}
sides, respectively. The top-loop diagrams from NLO; qg — V¢ crossed with the LO; qg — Vg fall into
these categories.

Diagrams B5 and B6 appear at O(a?) and beyond, as they correspond to the A1 and A2 topologies
in the gg — V X process, with the upper gluon a now coupling to a quark line.

Among these, only B3, B4, and B5 necessarily require mediation by a neutral vector boson, due to
the presence of closed quark loops on one or both sides of the cut.

Overall the topologies that contribute at up to O(a?) are

WYY =3 crpliiy, X BL+ Y cppcf s, x (B3+B4), (3.3)
f2 f1
where we have used the fact that B3 and B4 are mediated by either Z or * bosons, therefore their
couplings are hermitian ¢;; = ¢;; and thus both B3 and B4 have the same type of coupling.
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34 q7—>VX

For no incoming gluons, there is (4 — 0)! = 24 possible Pysanka diagrams, labeled as C1-C24 in Fig.
The full flavor structure for this channel is

W 4 =CranChg, X CLO(QD) +¢cpp.chy, x C2(0(ay))

+egp,CF g, % C3(0(2) + cppach g, x CAO(aF))

+6fafb ZcfbeC/;afz X C5(O(O{§)) + Zcfaf2clfi';f2 X CG(O(QE))
f2 fo
+ Y cnpacfig, X CTO@)) + D ey, * C8(0(043))]
f1 f1
g, | D crincip, x COAO@)) + > cripcfy s, x CL0(0(al))
f1 f1
+Zcfafbc’f*{f{ x C11(0(a?)) + Zcfbfac}*{f{ X ClQ(O(aﬁ))]
Vit fi

+> cnp i, x C13(O(@D) + Y ey, x C14(0(ad))

f1 f2

+Zcfafzc;?;f2 x C15(0(a?)) + Zcflfac;zfa x C16(0(ad))
f2 f1

+Zcfbfbc’f*{f{ x C17(0(a?)) + Zcflflcl]:;fb x C18(0(a?))
11 f1

+> cnncf, x C19(0(ad) + Y crap.cfypy x C20(0(al))
1 11

+05, £, Z Chr12CFr gy X C21(0(a?)) + Z cflflc’f*{f{ x C22(0(al))

f1,f2 J1.f1
+ 3 e ncfy x C23(0(a) + Y cppcfy, x C24(0(al)) (3.4)
fi,f1 f1,f2

Diagram C1 corresponds to the Born-like topology, where the incoming quarks a and b couple directly
to the quark lines f; and f5, respectively. This configuration appears at the lowest order in perturbation
theory. All of the contractions of LO; ¢g — Vg with most of the NLO; ¢¢ — Vg diagrams (except those
involving top-quark loops) share this Born topology, since both incoming quarks couple directly to the
vector boson. Likewise, all combinations of LOs q§ — Vgg diagrams fall into this category.

Diagram C2 is the crossed version of the Born configuration: here, quark a couples to f4, and quark
b to f1, rather than to f; and fo directly. This topology is more suppressed and arises only at higher
orders in the strong coupling expansion.

Diagrams C3 and C4 describe the same basic process but appear as conjugate configurations. Each
represents an interference of two LOs T-channel diagrams with the vector boson emitted from a different
external leg (which corresponds to the Q,,Qq charge factor). As an example, the cut diagram where on
one side of the cut the boson is radiated from the upper quark line (1 or 2 in Figure (a)), while on
the other side it comes from the lower one (3 or 4 in Figure (a)) contributes to the C4 cross section.

Diagrams C5 through C12 all feature a direct line connecting the incoming quarks a and b, which
imposes the condition that they must be of the same flavor. C5-C8 correspond to various interferences
between LOs S-channel and T-channel diagrams. In contrast, C9-C12 involve an NLO; quark loop on
either the f; side (C9, C10) or the f5 side (C11, C12), interfering with a LO; Born-like diagram on the
opposite side of the cut. Among these, C10 and C12 exhibit strongly crossed topologies and thus appear
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only at higher orders in «.

Diagrams C13 through C16 depict loop topologies stretching across the cut, corresponding to various
combinations of T-channel diagrams where the vector boson is emitted from the same line on both sides
(Q? charge factor). Diagrams C17-C20 represent quark-loop diagrams interfering with T-channel LOq
topologies, and as such contribute at O(a?).

Finally, diagram C21 is the interference of two LOs S-channel diagrams, while C22 involves the
interference of two quark-loop diagrams with identical incoming quark flavors. Diagrams C23 and C24
are analogous to Al and A2 in the gg — V X channel, now with gluons coupling to external quark lines
instead of forming closed loops.

Therefore at the O(a?) relevant Pysanka diagrams are:

vv’ * * *
ivarads, =ClafsChog, % CLHcpp,CF 5, X C3+cy p,cf 5 x C4
s | D CriaCiigy X C5+ > cr,paCy, x C6
f2 fa
+ Zcflfac}*lfb x C7+ Zcflfbc}tfa X CS]
fi f1

+6fn,fb Z Cfif1 CI;;fb |:Cg + C].].:|
f1

+> enn g, x C134 Y cppcf g, x C15
f1 fa

Z Cf1f2clf*1f2 x C21
fi1,f2

where in some cases we let the d¢, 7, to be explicit, since it is a part of important information for the
PDEF’s that will be multiplying the structure function.

3.5 qq—VX

For the gq¢ — VX channel, the set of Pysanka diagrams remains unchanged, but their physical interpre-
tation and the perturbative order at which they contribute differ. Since the diagrams themselves are the
same, the associated set of electroweak couplings is identical to that in the ¢q¢ — VX case, and we will
not repeat it here. However, it is important to note that although the coupling structures are shared, the
strong coupling order at which each diagram contributes is not. As such, care must be taken to include
only the appropriate electroweak structures corresponding to the desired order in .

The complete list of Pysanka contributions to the gg — VX channel at O(a?2) is as follows:

+0f.fi ; (3.5)

4%

445095, :Cfafbc/;;fb x Cl+ cfbfacl;;fa x C2

e 1, CF, g, < C3+ e g, 5, x C4

—|-6fafb Zcfbféc}th X C5+Zcfa,f26?zf2 x C6

f2 f2
+> cnp i, x CI34+> crpcfy, x Cl5 (3.6)
fi f2

Since the process g¢ — V' X has no Born-level contribution, all corresponding Pysanka diagrams represent
flavor contractions that first appear at order o or higher.

Diagrams C1 and C2 correspond to the interference between U-channel and T-channel LO5 qqg — Vqq
topologies, where the vector boson is emitted from opposite quark lines on either side of the cut. Diagrams
C3 and C4 represent the contraction of two T-channel or two U-channel diagrams, respectively, in which
the vector boson is emitted from different fermion lines. Diagrams C5 and C6 correspond to T-U
contractions where the boson is emitted from the same quark line on both sides of the cut. Diagrams C13
and C15 describe contractions of two T-channel diagrams with the vector boson emitted and absorbed
across the cut on the same leg.

The remaining diagrams either represent crossed versions of those listed above, contributing only at
higher orders in g, or involve contractions between NLOs diagrams (e.g., those with internal quark
loops) and LOy T- or U-channel diagrams, which themselves begin at O(a?). Others require additional
gluons to support their topology and thus do not contribute at the order considered here.
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Chapter 4

Helicity decomposition of
real-virtual contributions at
amplitude level

4.1 Spinor-Helicity Method

In this chapter, we describe the computation of the hard function H; vy’ ob(Pa,Ds,q, i) used in the
expression for the singular cross section in Eq., which is defined as the squared, infrared-finite part
of the Born and virtual amplitudes for the partonic process a(p,) b(py) — V(q)j(l}), projected onto a
specific vector-boson helicity channel 1.

As mentioned previously in Section [3] we will focus mostly on the process with VV' = ZZ and later
introduce the appropriate EW couplings. Additionally, since we will be deriving the hard function from
the N"LO; amplitudes, we will drop the tildes in the notation of the Born projection, as it is clear
that for these processes the final hadronic state (i.e. the one parton left after the interaction) is apriori
massless k? = 0.

Here in this chapter we outline how this helicity projection can be carried out efficiently at the ampli-
tude level by making use of known spinor-helicity results for the full process a(p,) b(py) — £~ (p1) £ (p2) j (k).
These relevant amplitudes are fully known up to one-loop O(gs a?) [51} 22l 52 53], with partial results
available at two loops O(gs a2) [54, [55].

This method applies to both the LO; and LOs amplitudes and in this project has been used as a
consistency check for these cases. As such, this section presents the spinor-helicity approach for both the
real-virtual and double-real contributions. For the RV (NLO; amplitudes) case, it is used as the main
source of the results, while for the RR (LO2 amplitudes) case, it serves primarily as a four-dimensional
cross-check against analytic results obtained through other means (for that see Chapter [5)).

4.1.1 Introduction and main idea

The spinor-helicity formalism is a powerful tool for computing scattering amplitudes in gauge theories,
especially in the high-energy limit where particles can often be approximated as massless [56, 57, 58|
59, 60]. Rather than working with conventional four-momenta and polarization vectors, the formalism
encodes the momentum and helicity of massless particles using two-component Weyl spinors [61]. Any
massless momentum p* can be expressed in bispinor form as

plou=Ip)lpl,  p"o. = Ipl(pl, (4.1)

where |p) and |p] are commuting spinors associated with the momentum p, and o#, # are the four-
dimensional Pauli matrices. These spinors can be contracted to form Lorentz-invariant quantities — the
so-called spinor brackets:

(i) = a_(pi)ui(p;),  [i] = wy(pi)u—(p;), (4.2)

which serve as the building blocks of massless amplitudes [62].
One of the central advantages of the formalism is that it naturally organizes the computation: instead
of performing a sum over all external spin states at the outset, the spinor-helicity formalism isolates and
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computes amplitudes for specific helicity configurations. This decomposition and usage of bispinors
leads to much simpler expressions, particularly for processes involving many external gauge bosons. The
physical cross section can be recovered by squaring and summing over the relevant helicities at the end.
Furthermore, the formalism removes the gauge redundancies of conventional polarization vectors, making
it ideally suited for QCD and electroweak calculations [63], [60] [57].

Despite its strengths, the spinor-helicity formalism in its standard form is limited to four dimensions,
therefore one might worry about its compatibility with dimensional regularization. However, this does
not present a problem in our case: as discussed in the previous Section[2.6.3] the singular part of the cross
section, for which we are using the spinor-helicity formalism, is described by a fully finite factorization
formula, so all ingredients can be computed in exactly four dimensions. This justifies the use of spinor-
helicity formalism in our calculation of the real-virtual contributions to the hard function.

Another constraint of the conventional massless spinor-helicity formalism is that it applies directly
only to massless external legs with spin (however, massive external legs can still appear in the process
as long as they are scalars, since they carry no spinor degrees of freedom). It is important to emphasize
that we want to have our calculations performed using this massless spinor-helicity formalism, as it yields
significantly more compact and manageable expressions for the amplitudes (although extensions of the
method to include massive particles have been developed in the literature, see e.g. ref. [64]). Since we
are interested in a process with a massive spin-1 vector boson V in the final state, we cannot directly
apply the spinor-helicity approach to our calculation. Therefore, instead of treating V' as an external leg,
we compute (or more precisely reuse) the full spinor-helicity amplitude for the process where the vector
boson decays into the lepton pair and solve for the partonic helicity amplitude.

The key idea is to factorize the full amplitude for the process

p1p2 — i} L(pn)l(pns1)

into a sum over the helicities A € {+,—,0} of the intermediate vector boson V. The amplitude is
decomposed as

Ann(L,2,. o nn+1) = Ax(L,2,...,n = 1) Aps(n,n + 1), (4.3)
A

where 1,2,...,n,n 4+ 1 are the shorthand notation for particles pi1,p2,...,pn,Pny1 taking part in the
interaction. The amplitude Ay describes the production of a vector boson with helicity A, and the
leptonic amplitude Ay encodes its decay. For example, in the N"LO; process p1ps — p3(V — paps),
the factorization reads

g g— - g a— g o _
Apan (110,257,378 43¢ 577) =3~ AN (110,257, 37%0) Agy (109,207,320 43¢ 577, (4.4)
A
where Mg, A\; and A, are the gluon, quark and lepton helicities respectively. The projected leptonic
current is:
Ay (19,207,300 4 570) = e (129,27, 372 Ly, L (407, 577) (4.5)
where €} are the polarization vectors of the vector boson in the Collins-Soper frame from Eq.(2.18)), and
the leptonic current is given by

[4]7,(ve — ay®)[5) A
(Avu(ve — ary®)[5] A

+

L, u(40,5,7) ~ { ’ (4.6)

N N

Z =
Z =

The goal of this decomposition is to solve the system in Eq.(4.4) for lepton-less helicity amplitudes
with the final state being the vector boson with the helicity A. These helicity amplitude we occasionally
call partonic amplitudes or later when we establish our approach to only Z boson as the final state,

Z-helicity amplitudes:

Ay(12, 200 320) = {AO,A+,A,}.
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To extract these helicity amplitudes, we need several ingredients:

Apann = Ao Ao + Ay +A_

Apn = ..+, (4.7)
A1 = -+ ..
1. : The first step is to obtain analytic expressions for the projected leptonic

current Ay, defined in Eq.(4.5). The derivation is presented in Section m

2. Full amplitude input: Next, we need the full QCD amplitude A,y that appears on the left-hand
side of Eq.. These amplitudes can be either computed directly or taken from the literature. In
our case, we rely on the expressions from ref. [65], which we review in Section That section
also explains how to obtain different external helicity configurations, allowing us to reconstruct the
full set of Z-helicity amplitudes for different helicities of the external particles.

3. Generating independent equations: Since the system in Eq. involves three unknowns but
initially provides only one equation, we need a way to increase the number of independent equa-
tion. For this we notice that the Z-helicity amplitudes are independent of the specific lepton
momenta. We can therefore choose three linearly independent lepton configurations, which affect
the spinor products with the leptons and therefore both Ay and Agy, but not Ay, and obtain
three independent equations. This procedure is discussed in detail for both analytic and numerical
implementation in Section [£.1.4]

Once these Z-helicity amplitudes are determined, the helicity density matrix can be reconstructed as
Wan ~ (P|J, | X)(X]|J, |P)eiey) = AN Ax, (4.8)
where Ay = (X J, |P) €}/, such that in the decomposition

Ann(L,2,.mn+1) =Y Ay(1,2,...,n— D An(n,n+1) =Y (X[ J,|P) e el L.
A

However, the correct helicity density matrix has to account for the sum over the internal possible helicities
in the system:

Win ~ > A% Ay, (4.9)

helicities in the system

which is directly comparable to the hadronic tensor projected using the standard Lorentz basis in
Eq. and later with structure functions.

This method offers several advantages as a strong comparison with the results from conventional
Feynman rules. First, it avoids the need for dimensional regularization at the amplitude level since the
spinor algebra is performed strictly in four dimensions. Second, it isolates helicity structures explicitly
on the amplitude level, allowing flexibility in the calculation. Third, the compactness and literature
accessibility of spinor expressions drastically reduces algebraic overhead in multi-leg computations. Most
importantly for our purposes, this decomposition provides an independent and robust cross-check of the
structure functions derived through projection methods in Chapter [l Any discrepancy in the helicity
density matrix would signal an inconsistency in the projection procedure or in the derivation of the
amplitudes through Feynman rules.

4.1.2 Projected lepton current

First we turn towards expressing lepton-dependent terms Ay on the right-hand side of the system in

Eq..

We have used the following rule for the replacement between physical 4-momenta (p,,pp as incoming
partons, k;, ¢ = 1 for LO; and ¢ = 1,2 for LO2 as outgoing partons and ¢, g2 as outgoing leptons) and
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all-outgoing momenta in spinor-helicity formalism (p1,p2, D3, -, Pn, Pnt1):
LO;/NLO, LO;
P = —pY, P = —pY,
pg = —pg, pff = —pg,
k= p§7 klll = pg? (4.10)
Ky = pl,
@ =pl, qt =1,
& = Pk, ¢ = Dg-

Using the definitions of the projectors from Eq.(2.16a]) we can calculate the projected currents:

SoqDy — S14Dh
Ae >0 52qP1 ~ 5143 |

V512514529
 saq(veldlp,[5) — ardlp 7°15)) — s1q(ve[4lp,|5) — ar[4lp,7°(5)

\/$1251¢S2¢q

$14[24](25) — s24[14](15)
= (’Ue — az) .

\/$1251¢S2¢q

Ay (ve — ary®)[5) = Al (ve — ary®)|5)

52qP) — S14Ph (
v/ S1251¢S2¢q
$14(24)[25] — s24(14)[15]
V/S1251¢S2¢
where we have kept notation s,;, = 2pgpp, such that s;; = 2p;q. In the final line we have used the

completeness relation from Eq.(B.7).
In a similar manner we derived the contraction of the lepton tensor with x* projector:

Ae <0 4y, (ve — agy®)|5]

2 4]y, (ve — aey®)|5]

b

= (ve + ae)

2,1 2,1
51¢52¢q" — $2¢9°P| — 5144° D>

Ae>0: atd]y, (v —ary®)[5) = = =2 4]y, (ve — arr®)[5)
V/51¢5240%(S1452¢ — 512¢°)
q281q[24]<25> + q252q[14]<15>
= (’Ug — ag) 5 5 .
\/S1q82qq (squQq — 51294 )
5 $1452¢4" — S240°PY — 5144°Dh 5
Ae <0 2 {dlyu(ve — ary”)|5] = (4] (ve — aey”)15]

\/51q52qq2(31q52q - 812(]2)
q°5214(24)(25] + ¢° 524 (14)[15]

V51452443 (514524 — 512¢%)

= (ve + ar)

where we have used the fact that ¢* = p// + p.
Finally, by using the following expression for Dirac gamma matrices in order to rewrite the Levi-Civita
contraction in the definition of y*:

VAATAP = gh AP + g Pt — ghPyY — i€ Py

= €7MPry = iyHyyPy” —ight Py —ig Pty + ighPy T y°

we achieve:
Ae> 00 gl (or — apy)[5) = M1t 30 (0 — ary®)}5) = il4I££ A0 — a0)|5)
g — ap) 241240625) — 524 [141(15) + 2025) (15)[21]45]
VS124/ (814524 — 512¢%)
Me <00y (Ao — aey®)|5] = (@4l P7 it ap20 (ve — aey®)[5] = {4l f £ (v — ar) 5]

— i+ ar) 51¢(24)[25] — s24(14)[15] + 2[25] [15](21><45>.

VS12 (S1q82q - 812q2)
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Combining these projections we receive:

514[24](25) — s24[14](15)

Ae >0 Am:(vg—ag) s
V/31281452¢
'[24](25>51q(, [Laa 1) + [14]<15>s2q( sy 1) — 2(25)(15)[21][45] ]
A€+ - (ve - a’f) i \/Q\/@\/ (51q32q - 812(] ]
[ [24)(25) 50 1/ £22 4 1) + [14](15)s0q ( |/ £22 — 1) + 2(25)(15)[21][45]
oo ( )+ 1411585, () L22 — 1) + 2(25)(15)[21][45]
| \/E\/E\/ (SquZq - 512612) ]
Ae<0: Ay = (ve+ap) 514(24) [2%951]2;;2214”15],
s — b [(24)[25]s1, (/L322 +1) + (1) [15]s2 (/22 — 1) + 2[25][15](21) (45)
o = (et a i ﬂ\/@\/(slq@ggq — 512¢°) |
P [ (24) [25]slq(, [L£oa 1) + <14>[15}52q( e 1) — 2[25][15)(21)(45) ]
o (vé - ae) i \/5\/5\/ (51q52q - leq |

4.1.3 A

In this subsection, we turn to the explicit expressions for the full helicity amplitude Agy on the left-
hand side of the system in Eq.7 which includes the decay of the intermediate vector boson into
the lepton pair. Additionally, we show the rules for computing different helicity configurations of these
full amplitudes. By solving the system in Eq. for these different configurations we will get set of
Z-helicity lepton-less amplitudes for various helicity values of the particles in the process.

The expressions for the leading-order (LO;, LO2) and next-to-leading-order (NLO;) amplitudes are
taken from ref. [65]. All results have been independently validated by comparison with calculations from
ref. [52] and cross-checked against our own calculation (for LO; and LOg2, not at one-loop level). The
expressions in ref. [65] are kept fully general, allowing application to both neutral (v, Z) and charged
(W¥) vector bosons.

The full amplitude takes the form:

{ @@ +ek,e8, Prlsi)] Aol 00)

Afun(. .. Eé) :€2

+Z[Q‘QQ+ oS, e ;U+Pz(su)} Ay(...00))

vt

o Prlse) Aul. .ee‘)}, (4.11)

with the vector and axial couplings expressed as:

gzv—a gzv+a
Vp = — y Vo = —

e 2 e 2
The term proportional to Q*Q? arises from the photon-mediated contribution, while the terms involving
vector and axial couplings describe the Z boson contributions. 4, corresponds to diagrams where the
~v/Z couples directly to the external quark line of flavor ¢; A, contains diagrams where the v/Z couples
via a vector current to a closed internal quark loop, summed over n; massless quark flavors; A, involves

the axial current coupling, which only receives contributions from the top-bottom isodoublet, since the

axial coupling vanishes when summed over a massless isodoublet within the Standard Model. It is
assumed that the mass of the top quark is massive, while all other quraks are massless.
For charged currents (W¥), analogous expressions are given by:
_ eV, _
Apan (.. 707 = %PW(SED)AQ("'K v,
2sin” Oy
— e2v7 —
A (v ) = —=2— Py (s, ) Ag(... v ), (4.12)
2 sin” Oy
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where V,; is the appropriate CKM matrix element. Pz (s) denotes the ratio of the massive boson
propagator to the photon propagator:

S

Pzw(s) = .
’ () S_mgz,W+ZFZ,WmZ,W7

but for our purposes, since the Z and W bosons appear in the final state rather than as intermediate
propagators, we set Pz(s) = Py (s) = s throughout. Additionally, we will perform all of our calculations
for the intermediate Z boson and later enforce the more general coupling in a process described in Section

Bl
Each partonic process has its own color decomposition, with the full amplitude factorized into color
structures and color-stripped amplitudes A, (z = ¢,v,a), as shown in ref. [65]:

V +1 jets: A, (91QQQ3£4Z5) = ZTg;adAw(l; 2q, 3(?; 4y, 5@),
V + 2 jets: q/q/qu AI (qEQQquiﬁl’eS‘gG) - 2ZTF (§a1&4§a36¢2 Al(lq/7 2(?/7 3(]7 4(?; 5@7 6[7)

1
+ 50415425043074 ﬁBz(lq’ ) 2‘?’; 347 4‘7; ¢, 6[))
9990V Ar(919293Galsls) =i Yy [T DT ™], o A(o(1),0(2); 34,443 5¢, 67)
€Sy

+ i tr[TT?] dqya, B2 (1, 2; 34, 47; 5¢, 67) .
(4.13)

The color-stripped amplitudes A, are then expanded in ay as:

V41 jets: Ay = gs(p ZA”)( > ;
V +2jets: Ay = g2 (p ZA(”) ( )

These amplitudes are written in the all-outgoing convention, which is a convenient basis for calculations
and matches the convention of ref. [65]. Crossing to physical initial-state configurations is performed by
helicity and momentum substitutions, along with appropriate signs from fermion crossings, discussed in
detail below and in Appendix [E]

For helicity amplitudes, we will present results for specific helicity configurations relevant to LOq,
NLOq, and LO4, with the detailed spinor structures, parity and charge conjugation relations, and their
crossing into the physical channels.

LO; and NLO;

We have the following helicity amplitudes for LO; and NLO; 0 — gqg¢f processes:

_ (35)% _ _
AP (1t 2f,3554f.5;) = 2WW AP = A0 =, (4.14)

The divergent part of the one-loop helicity amplitude is given by

ANt 2h 3547, 57) = AV (1 28,3548, 57)

qdlv( 7q7q7,€7£ 7q7qve7z

X { - :Q(CA +2CF) + C'A(L12 + L1z — Lo3) + Cp(2L23 — 3) — 620} } (4.15)
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The finite part of the one-loop helicity amplitude is given by

(1) - 0) _
A (ITs2F 3054 57) = AV (1, 28 3,54F.5,)

2 2
x {C;A ( L3, — L35+ 3L —7+3) + (C — C;‘) (—L§3+3L45 -8+ 7;)
S12 S13 <3|24|5> (813> 1 <3|24|5>2 (813):|
+C4 | -Ls g [ 22, 22) + T e O (e
A |: S-1 (545 S45> <35>S45 0 545 2 <35> 845 ! S45
2 2
+(Ca— 2Cp) {le (m 523) N <<QSi (13)>  (15)(23) + <13)<25>) Ls_, <313 523>

S45 S45 (12)2(35)2 (12)(35) S45 845
L, o) I, 1) ORI (2]
SR () - ()
+ 1402 Eg;):ﬂ[;ﬁ}? Eﬁfé}mﬂ } (416)

The axial current coupling term arising from the top loop contribution expanded in the powers of top
mass 1/m? is given in ref. [52] and is

1
A+ 28 3-54),57) = 4V/2TR([12][14][35 —L 2y~ |, AP =0 4.17
( 1q7q’€7£) \[F[ H H ] 451 a5 128457’)1% ) v ) ( )
where the following functions are used for shortening the length of the expressions:
Inr Lo(r)+1 ) ) 72
Lo(r) = , Li(r) = M, Ls_1(r1,7r2) = Lig(1 —71) + Lia(1 — ro) + Inry Inre — e

1—r 1
To ensure analyticity and proper continuation across the physical regions, we follow the branch cut
conventions of ref. [65], using the prescription: s;; — s;; + 90 for logarithms and Im[Li,(1 — r)] =
—1In(1 — r)Im[In | for dilogarithms, which would correspond to the following identities:
Inr — In(—r) + iw for r <0,
In(1/r) = —In(—r) —in for r <0,
In(—r) = Inr —ir for r > 0,
and the dilogarithmic identities:

2
Lip(r) = —Liz(1 —r) + % —Inrln(l1-r)=

2
Lis(1 — 7) = —Lis(r) — In (1 — r)(In (—s) + i) + % for 7 < 0.

We consider the full set of helicity configurations for the gluon, quark, and lepton system. For the V 41
jet case, these can be labeled by the triplet A\y(Ag, A¢), where Ay, Ap € +1/2,—1/2 and A\, € +1,—1.
There are 8 such configurations:

AgAgsAe) © + (+,4), +(+, ),
+ (= +), +(= ),
= (+,+), =(+, ),
_( 7+)7 (_ _)

Since our final Z-helicity amplitudes are supposed to be independent of the helicity of the leptons, A,
checking this invariance serves as a strong consistency check.
Using spinor identities and symmetry properties (charge conjugation C' and parity P), it is possible
to derive the transformation rules between different helicity amplitudes. These are:
Au i (450) (Pr; Do, P3; Pas Bs) = A (17325,37347,57),
) (P13 D2, P35 Pa, Ds) = Aw x(ngi4) (P15 P2, D3; s, Pa),
A(q,v) A(—; Ag)(pl;ﬁZvﬁB;ﬁ4ap5) _A(q v) +A[))(P17P3;P27P4a155)a
(P1; P2, P35 Pa, P5) = Aax +,\Z))(p1,p3,pzap4,p5)

a:A()\ —

a A(—3A0)



which are derived through the action of the charge conjugation operator C on the fermion lines 4 — 5 and
2 — 3 respectively which exchanges the labels of the particles affected and can be interpreted as flipping
the helicity sign. The extra sign for the helicity flip of the 2 — 3 pair arises since the charge conjugation
operator not only effects the helicity of the particles, but also flips the sign of the Z boson coupling [65].
Amplitudes with a negative-helicity gluon are obtained via parity, which flips all the helicities and
conjugates all the spinors:

A(g,0),— (Agire) (P15 P2, P3; Pa Ps) :A(q,v),+(—>\q;—>\2))(ﬁl;ﬁ27ﬁ3;ﬁ47ﬁ5)’< volt

Aa,—(0ire) (P13 D2, P35 Pa, Ps) = —Aa,+(f,\q;w))(]51;]527153;154,]55)‘< SR

Overall the amplitudes that correspond to the possible helicity configurations are:

_|_

A g()‘q7 )‘Z) : + (—"_7 ) : Ax,+(+;+) (ﬁl;ﬁ27ﬁ3;ﬁ4uﬁ5)7
=)+ A (454 (P15 P2, D3; Ps, Pa)s
)

+
+

)t = Aqv)+(+i+) (D15 D35 P25 Pas P5 )y Aa,+(+14) (D15 D3, D25 Pa, Ps)
t = Ag0) 4 (+5+) (P13 D3, D23 D5, Pa)s Aa +(+5+) (P13 D3, D2; Ds, Pa)

(

(=

(-, —
—(

+,4) 1 —Ag2),+(+i+) (P13 D3, P25 P5, Pa) o)

+ o+ o+

7_Aa ; ~;~7~;~7~’
o] ,+(+,+)(P1 P3,P2;P5 p4) e

— (=) = A )+ (+54) (ﬁl;ﬁ37ﬁ2;ﬁ4,ﬁ5)‘ ; —Aa,+(+;+)(ﬁ1;]537152;]54,]55)‘

(.o)e[] (o) er[0]
—(—+): A(q’”)’+(+?+)(ﬁ1;ﬁz’ﬁ?’;%’m)’(...><->[...]’ *Aa,+(+;+)(ﬁl;ﬁmf):s;ﬁs,ﬁzl)’<_“>(_>[m]a
— (=) A(q’”)’“*;*)(ﬁl;ﬁQ’ﬁS;‘m“ﬁB)‘<...>H[.-.}’ —Aa7+(+-_,+)(251;]527253;254,255)’<M>H[m].

All amplitudes in ref. [65] are provided in the all-outgoing configuration. To relate them to physical
processes with incoming particles, we apply crossing symmetry. The general rules are as follows: crossing
a particle from the final to the initial state inverts its momentum (p — —p), flips its helicity, and reverses
its electric charge. Moreover, crossing fermions introduces an overall sign change in the amplitude.

The canonical all-outgoing helicity amplitude configuration is:

0 = g4 (P1)qs+ (P2)3-(P3)+(Pa)l—(P5) : Ax s (4.4) (D1 P2y P33 Pa, Ps) = Ax (17525 ,3754/,57),

where p; denote momenta in the all-outgoing convention, and p; correspond to physical momenta used
in actual processes. -
Crossing into qg — ¢f¢ and qG@ — g¢¢ following the rules described above is thus

4+ (1) g—(p2) = a4 (p3)04 (Pa)l—(p5) + — Ay 1 (1 +)(—P2; D3, —P1; Pas Ps), (4.18)
q+(p1)q—(p2) = 9+ (p3)ls(pa)l—(ps) : Ay 4 (+ +)(P3; —D2, —P1; P4, Ds) (4.19)
LO,

We now turn to LOy 0 — ¢/¢’qg¢¢ amplitudes. The relevant color-stripped tree-level helicity ampli-
tudes from ref. [65] are:
0 —. —. -\ 0 —. —. -
A (1) 235 4755F,67) = —BWO(1), 203545157 ,67)
_ 2 {[13] (46)((12)[15] — (23)(35]) | (24)[35]([(12)(26)] + [14] (46>)}
512556 5123 5124
A (128535 ,47:57,6;) = =B (15, 24:3F 47357 ,6)

_ 2 {[23]<46>(<12>[25]+<13>[35]) n <14>[35]([<12><16>]—[24]<46>)}7

)

512556 5123 5124
All vector-loop and axial-loop contributions vanish at this order:
AD = A0 = B0 = B = 0.

Loop corrections to these processes, discussed in ref. [52], begin at O(a?) and are therefore beyond the
scope of this project.
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For this process it is important to keep track of which out of two quarks the Z boson couples to, since,
based on the Eq.7 the vg\q coupling depends on the flavor of the quark ¢, and in this channel it is
possible to have diagrams with either same flavor and different incoming-outgoing quarks.

The complete set of helicity configurations for non-vanishing LLO5 amplitudes involves all combinations
of fermion helicities:

(Ags Ags Ae) o (4, 4), (+,+,—)
(4, = +), (+, = —)
(_7+,+)7(_,+7_)
(,7,,+),(,’,7,)

The transformation rules among these configurations are as follows:

q,(A

A;O()Jr 1) (P1: D23 P3, Pas Ps, Pe) = AP (1, 522538 ,47550,67),
A (o s, Ba s, Be) = AV (15,288,455 ,67) = —AY). | (B2, D1 Ps, Bas s, Be),
1(1(,)()>\ s Mg, (P, D23 P3, a; Ps, Pe) = Afff(& s Mgt (P1 D25 P3, Pa; P, Ps ),
Aq,(A  — ) (B1s D23 B3, a; Pss o) = A(O() 4 (B1s P23 Pas Pa; P, B,

where one would notice a pattern, where if the charge conjugation was applied on the fermion line that
in not connected with vector boson, the amplitude not only swaps the position of the spinors but also
has an extra minus sign in front of it.

Crossing from all-outgoing to physical configurations are thus:

0 — ¢ (p1)7- (P2)q+(P3)q— (Pa) 4 (P5)l—(P6) : Au,(t+.+) (D1, D2; P3» Pa; P, Do)
¢y (P1)7-(p2) = a1 (p3)7- (Pa)ls (P5)0—(ps) = An(4,+,+)(—D2, —D1; D3, Pa; Ps, Do), (SRgg—qqv)

4+ (p1)a—(p2) = ¢v(p3)a_(pa)ls(ps)l—(p6) :  Au (4 +.+) (D3, Pa; —P2, —P1; Ps, Do), (SLgg—qqv)

where both expressions are corresponding to the processes with different incoming-outgoing flavor quarks.
The first crossed expression would correspond to the S-channel with vector boson coupling
to the outgoing fermion leg and the second expression would correspond to S-channel with
vector boson at the incoming leg. In order to get the same flavor amplitudes one has to set all-outgoing
each colored amplitudes to:

Au(1323010506) = Au (41 353010506) — Az (¢4 3493320506), (4.20)

which corresponds, upon crossing, to the following processes:

¢y (p1)@-(p2) = ¢y (03)7— (Pa)l+ (ps)l—(p6) :  — Ay, (4 +.+)(P3, —P1; —D2, Pa; Ps, Do), (TDyg—qqv)
a+(P1)7(p2) = a4+ (03)T_ (Pa)ls(Ps)l—(P6) :  — Au (4, +,4)(—D2, P13 P3, —D13 05, P6)s > (TUggoqqv)

where we retain the (now redundant) primed labels for clarity, to indicate which quark is being crossed
to which side of the process. The first expression corresponds to a T-channel exchange
with the vector boson coupling to the lower fermion line, while the second corresponds to
a T-channel with the boson coupling to the upper line. In this setup, the ¢’ quark resides in the upper
line, carrying momentum pj.

It is important to note that crossing also affects the color structure. Specifically, the color factor trans-
forms as:

1 1
2TF<5O¢104460¢3042750&1a250¢30¢4 N, ) — 2TF(5042C_Y450435¥17602541503564 ﬁ) for Sng%ng’
c

ColorFactor[1, 2, 3, 4] ColorFactor[2, 1, 3, 4]
ColorFactor(3, 4, 2, 1] for SLyg—qqv,
ColorFactor(3, 1, 2, 4] for TDgg-4qv,
ColorFactor|[2, 4, 3, 1] for TUgg¢5v

Since Kronecker delta indices and the delta functions themselves commute, these can be reduced to just
two distinct color structures: ColorFactor[1, 2, 3, 4] for SR 45-4gv and SLyg_,4gv and ColorFactor[1, 4, 3, 2]
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for Tqu*)qu and Tqu%qu.
At leading order LOs the full amplitude takes the form:

Agan (... 00) = 62{ QR'Q* + Uf\ﬂiqu(szz)} ColorFactor(l, 2, 3, 4] Ay (x_, A, 0) (—P2, —P1; D3, Pa; Ps, Do)
SquanV

+1QQ7 + Uilvg\q,PZ(SzE)} ColorFactor(1, 2, 3, 4] Ay (x , 2, 0) (D3, Pas —P2, —D1; D5, D)

SLgg—qqv

—1Q'Q* + ’Uilv?\qu(Sw)} ColorFactor(l, 4, 3, 2] Ay (x /A7) (D3, —D1; —P2, Pa; Ps, Do)

TDqé%qéV
- 1Q'Q7 + Uf\ﬂzq/PZ(SzZ)} ColorFactor(1, 4, 3, 2] Ay (x , 2,00 (—P2, P43 P3, —P1; Ds, De) }7

TUqg-qqv

where the couplings make explicit which fermion line the vector boson is attached to, depending on the
crossing.
Crossing into qq — qqV is gives:

4+ (p1)d (p2) = 4+ (03)d . (P)l+(ps)l—(p6) :  — Au,(+,+,+)(Pas —P2; B3, —D1: 05, 06),  (TUggqqv)
q+ (P, (p2) = a4+ (p3)dy (Pa)ls(p5)l—(pe) :  — Az,(+,+,+)(ﬁ3, —D1; P4, —P2;D5,06),  (TDggoqqv)
4+ (p1)d(p2) = a4 (pa)d' . (p3)l+(ps)l—(ps) ©  Ax (4 +,+) (D3, —D2; Pa, —P1; D5 D6 ) (UUgq—qqv)
0+ (p1)dy (p2) = a4 (pa)dy (p3)l4-(p5)0—(p6) © Ayt +,+)(Pa, —P1; D3, —D2; Ps, D) (UDgq—sqqv)

where the U-channel contributions (UUzq—qqv|)) and (UDgg—qqv|) arise by crossing ps and p4 in TU and
TD cases, respectively. These could alternatively be obtained by applying Eq. directly to the
qq — qqV amplitudes.

As for color factors, TUgg—qqv and TDgq_,qqv will retain ColorFactor[1,4,3,2] and UUgqqqv and
UDgyq—sqqv Will have to be dressed with ColorFactor[1,2,3,4]. TUgq—qqv and UUgq_,qqv will have cou-

pling depending on the helicity of the ¢ quark (vg;,) and TDgq_sqqv With UDgq_s4qv will have coupling
depending on the helicity of the ¢ quark (vg\q).

Finally, we note an important technical point: the helicity-flip rules differ between crossings. In
particular, S- and T-channels will have different fermion lines onto which conjugation operator will act.
Full list of all expressions for helicity configurations for both L.LO; and LOs in given in Appendix

The LO2 0 — ggqgtl color-stripped amplitudes from ref. [65] are

- 46)?
AP 2587 435556 =~ g ey
) oy 4 [(13)(23)(46) ((23)[35] — (12)[15]) | (24)[35][14] ([12)(26) + [14](46))
AP (172733745550, 67) 512856[ (13)s123 " [24]5124
+([12]<2> [14](46))({23)[35] — (12)[15])
(13)[24] ’
©)(1— - 4 | [23]2(46) ((12)[25] 4 (13)[35]) | (14)%[35] ([12](16) — [24](46))
AP (17,2731, 4755/0,6,) = 512556[ T3ls12s + 245103
. [23114][35]{46)
[13](24) ’
AD = A0 = BO — O — O _, (4.21)

The distinct helicity configurations of the external gluons in the 0 — ggqg¢™ ¢~ process are explicitly
stated in the structure of the amplitude defined in Eq. . This detail arises because these helicity
amplitudes cannot, in general, be related to one another via simple applications of discrete symmetries
such as parity or charge conjugation. This is due to the fact that gluons are vector particles and their
helicities transform nontrivially under these operations. As a result, each distinct helicity combination
must be treated independently in the amplitude decomposition.
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Unlike the case of the 6-fermion amplitude, there is no ambiguity here regarding which fermion line
the vector boson couples to, as there is only a single available quark line for the coupling.
The complete set of helicity configurations is thus:

A A2(Agi Ae) o (), 4, ()
+, (= 4), +, (=)
+ —(+5+),+ —(+ )
+, = (=), — (=)
— +(+ +)7 _7 +(+§ -)
7? +(*v +)a -t (*; *)
==+, = =)
s _(_7 +)7 s _(_7 _)

Helicity flip rules do not affect the sign of the amplitude, but change the color structure of the colorful
amplitude:

Ay (17,222:3F 45555 ,6;
Auxido (1) (P1s D23 P3s s Bs Pe) = TApx, xa (1) (P1s P23 B3, Pas Ps, s) = T | Ax (272, 1A1;3$74qf;5?76£
B, (17,2%:3F, 4555 ,6;

)
)|
)

where we named T the color basis: T,a, = i diag([T%7T%2] T2 tr[T* 72004, )-

a3y’ [ 304

Apxixe(+,—) (D1, D23 D3, Da; D5y D6) = Auxire(+,+) (D1, D2; D3, Pas Do, D5 )

Agzxire(—,4) (P1,P2; D3, Pa; D5, P6) = V Ag ax, o (+,4) (D1, D2; Pa, P35 Ps, D6 )
Aarro(—+) (D1, P25 P35 Pa; Ps, D6) = — V Aq x xo(+.4) (D1, P25 Pa, P3; D5, Ds)
010

withv={[1 0 0
0 0 1
An alternative physical interpretation of the color factor decomposition at LOs is that the term propor-
tional to

[TaQTal}Oéa5é4

corresponds to diagrams where the two outgoing gluon legs are crossed. This structure allows for a
classification of amplitudes into two distinct subsets:

(a) Uncrossed, where the gluon ordering is (1*1,2%2):

g

AO (1M 2223 4 7

q

5.6

):

b) Crossed, where the gluon ordering is (2*2,11):
(

ot g—.
’3q74q7

AL (2221 5¢.67)-

While this decomposition is conceptually useful for organizing contributions with different color struc-
tures, it is not strictly necessary. The helicity flip and permutation rules apply the same to both crossed
and uncrossed configurations, ensuring that the full amplitude remains consistent under the relevant
symmetries, as long as the rules for exchanging the color factors are preserved.

Crossing into all the physical configurations with two gluons is straightforward:

—

0 = 9+ (P1) g+ (P2)q+ (P3)7— (pa) L+ (p5)C— (ps) :
g—(P1)g—(p2) = q+(p3)q—(pa)l+ (p5)l—(ps) :

4+ (p1)g—(p2) = 44+ (p3) g+ (pa)ls (p5)C—(ps) :

q+(P1)q-(p2) = 9+(P3)g+(Pa)l+(p5)l—(ps) :
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oM e (+,4) (P1, P23 D3, Da; Ds, D)

!

oA he (4,4) (—P1, —D2; P3, Pa; Ps, D6 )
(NoCr+Crgg—qqv)

Apxiro(+,+) (Pa, —D2; D3, —P1; Ps, Pe ),
(NoCr+Crgg—qgv)

Apxing (+,4) (Pa, P3; —P2, —P1; D5, D6 ) -,
(NoCr+Crgg—ggv)



where the "NoCr+Cr” tag implies that the amplitude consists of all the relevant diagrams at LOs, so
both ones with uncrossed and crossed external legs. We should also note that crossing into the physical
configurations does not alter the color factor and does not affect the Z boson coupling.

Full helicity flip rules for channels with two external gluons are given in Appendix [E]

4.1.4 Lepton Configurations and Solving the System

To increase the number of equations in Eq. (4.4) and solve for Ay, we use Schouten identities and
momentum conservation to obtain three independent solutions corresponding to different configurations
of the leptons.

LO,, NLO,, analytic extraction

For an analytical solution, we select a subset of linear and independent Schouten identities along with
momentum conservation identities for spinor products. We then solve these equations for all possible
combinations of lepton-parton spinor products in terms of parton-parton spinor products. For instance,
we express
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where f, g, h are some functions of spinor brackets. We will see a bit further that one possible solution
in the LO; case is to align one of the leptons with the momentum direction of p1, p2, or ps.
Schouten identities used:

(42)(13) — (41)(23) = (43)(12), (SchoutenA)
(52)(13) — (51)(23) = (53)(12), (SchoutenB)

where the identification of partons and leptons in physical and all-outgoing notation follows Eq. (4.10]).
Momentum conservation identities used:

[12)(24) + [13](34) + [15](54) = 0, (Mom14)
[12](25) + [13](35) + [14](45) = 0, (Mom15)
[21](14) + [23](34) + [25](54) = 0, (Mom?24)
[21)(15) + [23](35) + [24](45) = 0, (Mom?25)
[31)(14) + [32](24) + [35](54) = 0, (Mom34)
[31)(15) + [32](25) + [34](45) = 0 (Mom35)

where the ‘external’ particles are chosen as (p1, pa), (1, ps), (P2, P4), (2, P3), (P3, p4), and (ps, ps),
respectively.

The following combinations of Schouten and momentum conservation identities give the following
solutions for parton-lepton spinor products:

e Using (SchoutenAl), (SchoutenB)), (Mom15|), along with two additional momentum conservation
identities with external py (e.g., (Mom24)) and (Mom34))) and their conjugates, we obtain:

(s12 + s13)(35)
(23)[12]

(45)[35]
23]

13)(45)[35]

_ ¢ (35)[13]
(34) = - (12)[23] '

[12]
(4.24)

(14) = 0,(15) = ,(24) = — L (25) = —

e Similarly, using (SchoutenAl), (SchoutenB]), (Mom25|), and two additional momentum conservation
identities with external py (e.g., (Mom24) and (Mom34))) and their conjugates, we obtain:

(45)[35]
[13]

(35)[23]
[12]

(812 + 823)(35)
(13)[12]

(23)(45)[35]

(14) = - (12)[13]

, (15) =

(24) = 0, (25) = —

L (34) = (4.25)

This corresponds to the previous configuration with particles 1 and 2 exchanged.
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Ag(Ags Ar) [ AN Ao i} -A+2 A—Z
tht) | lozton = a8 S E T laatoy = altze, 00O ES P gl = an)tte, g
a —u A = —
1) lo2(v, + aq)]TSfag%S(QAj s) ((1123>>2 E— g; AL(t+ u)AerQs(t ) <<1123>)2 lonlve+ aq)]T;lfaagQ AL(t+ u)Ast(t w) <<1123>)2
7 5 7 e o G
)| lozton+agiTeie, 5 LT T o+ el S TSI gz + 0T, ST TS T
s $(Q% + s A, — — s A, u s(t—u
)| lorlo )T, 25 Ll )% {0y — ag)Tize, 2 Ast(t ¥) [[11;]2 {2, — a2, 2 )XyQ (v [[11;]]2

Table 4.1: LO: g9 — Zq Z-helicity amplitudes, A, = /s(Q2 —u)(Q2 —t), A, = /tu(Q? — u)(Q? — t),
expressions with the same color are the same up to a phase.

Ag(Ag, Ae) /[ Ax Ao , \ A+2 A ]
w95 Q7 —1) (12) w  9st(Q7 —1)(Qs + A;) (12) w  9st(Q7 —1)(Qs — A;) (12)
+(+, %) [-(/Z(Uq - aq>]Ta1ézzﬁ A, (23)2 [gZ(”q - aq)]Ta15t2 2 sA, (23)2 [QZ(Uq - aq)]Tmaz 2 sA, (23)2
s uw(Q? —u) (12 u(Q? —u)(Qs — A,) (12 su(Q? —u)(Qs + A,) (12
et | —laatog+ e, TR ot + agirse, S0 0 LR g+ ale G U =TS T
QT —1) 12 THQZ—0)(Q5 —A,) [12 HQE—1)(Qs + A,) [12
“) | g+ e S5 S b )T IS | [0 (0n + ) Tote, D=
s u(Q? —u u(Q? —u)(Qs+ A, u(Q? —u)(Qs — A,
I I e e e L

Table 4.2: LO: ¢ — Zg Z-helicity amplitudes, A, = /s(Q2 —u)(Q2 —t), Ay = /tu(Q? — u)(Q* — t),
expressions with the same color are the same up to a phase.

e Using (SchoutenAl), (SchoutenB|), (Mom35|), and two additional momentum conservation identities
with external py (e.g., (Mom24]) and (Mom34))) and their conjugates, we obtain:

BB ) UDEIEY )y HUNEY ) (DG o)

14) =
(14) S13 + S23 $13 + 823 813 + S23 813 + S23
(4.26)

Here, we do not solve for (35) and [35], as eventually this dependence cancels out.

These three configurations correspond to the lepton p4 being collinear with p, p2, and p3, respectively.

It is important to note that these are not the only possible configurations, as the solutions for A are
independent of lepton configurations. These specific expressions were chosen for their simplicity.

By inserting these three configurations along with projected lepton currents and expression for Agyy
from ref. [65] into Eq. , we effectively write out the system

Anan(1,2,3,1n,5) = Ao(1,2,3) A (1,2, 3,11, 5) + Ay Agy + A_Ag_’ ,

(14)=0,...
Afu11(1,2,3,2n,5) = A0(1a2a3)-’4€0(1a253a2n75) +A+A€+ +‘A_A€_’<24>_O ? (427)
Aran(1,2,3,3n,5) = Ao(1,2,3)Awn(1,2,3,3n,5) + AL Aey + A7A67’<34>_0 ’

where we have suppressed the helicity labels (1A9,22q,3;Aq,4g‘£75;A“), where in reality of course we
would have to state the helicities of the external particles explicitly and solve the system multiple type
for different physical helicity configurations (Ag, Ag, A¢). Additionally we have avoided repeating the
spinor dependence in the A = +, — to avoid redundancy, it is of course assumes that these terms also
have the dependence on the spinors (1>‘9,22—‘q,3; /\",42‘2,5€?A’5). Finally, we explicitly indicated that for
each line in the system one of the outgoing leptons becomes collinear to one of the partons p1, p2 and p3

by writing the spinor label as 1n, 2n and 3n respectively. It is important to note that all other spinor

products are also affected by this constrain, as shown in Eq.([4.24), Eq.(4.25) and Eq.(4.26).

Discussion and the analytical results

We solve the above-written system for 4, for various external parton helicity configurations. The full
set of results, including all Ay values and their corresponding parton helicity configurations (Ag, A,) in
A, is summarized in Table for gqg — Zq process and in Table for q§ — Zg process.

Similar lepton configurations were chosen for NLO; amplitudes. A sample of the Z-helicity ampli-
tudes derived from the lepton-full top-loop amplitude in Eq. is shown in Tables and In the
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)‘O(Aqv /\[)/‘A/\ Ao Ap A
qoa_ oo % [ (13) T o 2 (13)
+(+.i) . 9z1Laias nga X Lg @ <23>2 9z1Lajas ng >< 1 Q2 <23>2
| @@ 0res.| | (@-0@ - oA,
& qu x QS
a Qs u ) (13) e u' (13) (13)
— 7T Trg, Lo — az % Bl IS az
e 9z1LaiazLFY. 2n X 1<Q2> (12)2 Ta1a3Tng4ﬂ_ X L1<Q2> (12)? TalasTng4 x Ly Q)<12)
’ s [s@—w S(Q* —w)+ QA S(Q?~uf— QA,
R\ == X A15+ X Aws—
Q?\ -t Qdu Q3u
—ngglagTng x La| =5 [13]2 —ngmasTpgS X Lyl — [173]2
- ' a = )
@@ -wlan. | (@ -0@-w'rea.
X Agt Oou X At Ou
. Qs | [13] s Qs u '\ [13] . Qs w \ [13]
. TalQSTFgSQ\/— x L <Q >[12]2 —gZTalaaTng4 L1<Q2>W _ngafasTngE X Ll(QZ) 22
7 X —= 78(622 —u) x A S—S(Q2 —u) - QA x A 3—8(Q2 — W+ QA
Q?\Y -t . Q3u ’ Q3u

2s

Table 4.3: NLO; top-loop qg — Zgq Z-helicity amplitudes, A, = /s(Q2? — u)(Q2 — 1), A, = 17(@*%%

top-loop diagram, the Z is emitted from a closed fermion loop and connects to the external quark line via
an off-shell gluon. This setup imposes nontrivial angular momentum constraints, since any spin exchange
between the parton system and the Z must be mediated by that internal gluon. To see why Ag = 0 for
certain helicity configurations in gg — Vg, consider an incoming quark in the state |4,1), where the
last component is projected along the CS axis, and an outgoing quark in either |3, 1) or |3, —1). The
intermediate gluon then carries spin |1,1) or |1,0). If the incoming gluon is also |1, 1), combining these
gives no overlap with a |1, 0) final state - so the longitudinal Z component (i.e. Ag) cannot be produced.
On the other hand, if the incoming gluon and quark have opposite helicities, like !%, %> and |1,—1), then
forming a |1,0) state becomes possible, as the Clebsch-Gordan coefficient for this transition in non-zero,
and A does not vanish. This is exactly what we find.

For the LO2 amplitudes, we found that using constraints involving the lepton spinor pg, like (16) =
0, (26) = 0, or (36) = 0, gave consistent results and relatively manageable analytic expressions for
extracting the A, amplitudes. These configurations are based on a (sub)set of momentum conservation
and Schouten identities, similar to what we used for the LO; case.

We also tried other spinor constraints, for example, (35) = 0 and (46) = 0, that satisfy all the
algebraic relations on paper, but turn out to fall outside the physical region of phase space. These
kinds of configurations typically sit at the edge or just outside the physical, momentum-conserving,
real-valued manifold of physical phase-space. Although some combinations of constrains do sometimes
give amplitudes that seem stable or match expected values at isolated points, this agreement is likely
accidental and doesn’t hold more generally.

To check which constraints actually lie within the physical region, we implemented a numerical setup
that randomly samples valid phase-space points and compares the extracted amplitudes to full numerical
results. For constraints like (16) = 0, the comparison passed, as the analytic expressions agree with the
numerics. However, even in these cases, the analytic forms are algebraically quite complicated and may
have subtle issues we have not noticed yet. Although we do keep them for reference, we therefore rely
primarily on the numerical results at LO3. In the following section we explain how we achieve the
numerical results.

LO;, NLO;, LO;, numerical extraction

To obtain numerical results, we must define the 4-momenta of all the particles. For quarks and glu-
ons, we randomly sample momentum configurations, ensuring that, within the all-outgoing convention,
the energies of physically incoming particles are negative and that momentum conservation holds by
constructing the lepton momenta using Collins-Soper angles:

Pho= % (t* & 2" sin 0 cos o £ y* sin @ sin  + 2* cos ) , (4.28)

51




)‘O(Aqv /\[)/‘A/\ Ao A+ A
- s s\ (12) s\ (12) o (12)
+(+ j:) ,(]ZTalazTng2\/§7T X L1<Q2> <23>2 gZTalagTng4 X Ll(Q ><23>2 Ta1a2TFgS X L1 Q2 ( >
’ 2 @2t A @ -0+ QA A ts(QQ —1) —QA,
@\ @ —u o T o
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@\ s@ O o
Table 4.4: NLO; top-loop q@ — Zg Z-helicity amplitudes, A, = \/s —u)(Q? — 1), Ay = /1— Q%s

(Q*—u)(Q*—1)

where 6 = 6, and ¢ = ¢; are the spherical angles of the lepton p;. Since, at leading order in QED,
the vector boson decay is back-to-back in the rest frame, the angles for py are given by (7 — 6,7 + ).
Finally, the vectors t#, z*, y*, z* define the reference frame as discussed in Eq. .
For certain applications, it is useful to describe the orientation of the incoming partons in terms of

transverse momentum and rapidity. We already gave some basic definitions in the Section In
general, these variables are defined by the transformations:

m? = E? — pl —py, — pZ,

1 E+p. E = \/m? + p7 coshy,
y=glog (),
2 E_pz P

« = PT COS @,

; . (4.29)
pr = \/P: + D3, py = prsing,
¢ = arctan (Py> P==y m? + p7.sinhy
x
Assuming all particles are massless, the momenta of the incoming partons are given by:
[k2.eY% + /OQ2 + g2.eYZ
P = EuEy (1, 0, 0, —1) = Y1° Q 9 (~1,0, 0, -1), (4.30)
k? —Yk 2 —Yz
P =B, (—1, 0, 0, 1) = Y"I¢ +VQ T T 0,0, 1), (4.31)

The replacement of &, and &, will be discussed in the following Section in the context of integration
over the phase space.

The total final-state transverse momentum k7 and rapidity y; used in the expression for the initial-state
partons in Eq.(4.30) are determined from the final-state momenta:

Py = (\/k‘%T coshyi,, 1/ k35 cOS Py, \/K2psindp,, \/kap sinhyk2>7

(4.32)

ph = (\/k‘%T cosh yp,, \/kipcosdr,, \/kipsingy,, \/kir Sinhykl), (4.33)
1 k2 Yk k2 Yk

kp = kir + kar, B P Vi e s Vi (4.34)
2 VEipe T + (k3T

For the leading-order configuration LO1, the input variables are the invariant mass @), the transverse
momentum gr of the lepton pair, and the rapidity y; and azimuthal angle ¢; of the hadronic radiation
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system k. These describe the scale, recoil, and orientation of the event. As both quickly mentined in
the Section and in full discussed in the integration Section momentum conservation implies
kT = —qr, since we only have one object (i.e. hadronic radiation) recoiling against the leptonic system.
For LOg, the input variables are ), gr, the rapidities yg,, yr,, the transverse momentum k17 of one
parton, and the azimuthal angles ¢x,, ¢, of both.

Since at this level we have full control of the kinematics of the process, we are not bound by the
Schouten and other spinor identities to get various lepton configurations — we can set § and ¢ to randomly
sampled three directions in the space and solve a similar system to Eo‘[.7 where the (14) =0,... is
replaced by numerical values of the spinor products for our chosen configuration of leptons.

On the other hand, since we have full control over the kinematics, we are free to choose specific
configurations for the final-state leptons. Because the polarization of the vector boson is directly linked
to the lepton directions, it’s possible to select configurations where one or more terms in Eq.
vanish. This allows us to further simplify — or even partially diagonalize — the system.

We observe that for an orientation of the lepton ¢, n,, we have

Aran(Ae = +, ne = 2) = Aj ey, (4.35a)
Atai(Me = — ng=2) = A_c_, (4.35b)
Asn(Me =+, ng = —2) = A_c’, (4.35¢)
Ann(Ae = —, ng = —2) = Ay, (4.35d)
where z is the axis in the CS frame. This leads to a more general result for Z-helicity A = +:
L, u(ne = 2) = exdan,- (4.36)

As for the A = 0, our goal now is to find such combinations of lepton orientation n, and lepton helicities
A¢ that we can

e\ Z (some coeffs) Ly, ,(ng) = codro. (4.37)

configs
We use orthogonality of €} to conclude from Eq.(4.36)) that Li,(n, = 2) = cyel, = c_s_%(x“ Fiyu)
Then, using the covariance of the result we get:

* C+ .
Li;t(né = Z‘) = Cigiu(aj; Y, Z) = ﬁ(yu + ZZM)?

where we made explicit that €, = ex,(2;2,y). Finally, combining the expression for the positive and
negative lepton helicities we achieve

1 1 . . "
ZL_HL(ng =zx)— ZL_“(W =zx)= —Z\/izu = —Z\/isolt(z)
N 1 1 ) " .
= —e3(2) ZLJFM(W =ux)— ZL,M(W = 2)| = +iv2e}(2)z, = +iV20x0

which is the desired result.
Putting everything together, we arrive at a set of rules for extracting the Z-helicity amplitudes directly,
without needing to solve the full system:

1 .9z
.Aj: - aAfun()\g = :|:7 Ny = Z)7 C4+ = 71%61L>\z:i,u(n€ = Z) (438)
) 1 1
./40 = *ﬁ ZAfull(Af =4, ng = I) - ZAfull()‘Z = —, Ny = l’) 5 (439)
= —ig—zi(y“ +iz")Ly,=+ . (ng = )
2 \/Q L=

These configurations were used to derive the (numerical — per value of @, gr,yx etc.) Z-helicity ampli-
tudes for the LO2 process.
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4.2 Power Scaling of Helicity Amplitudes

The Z-helicity amplitudes are useful in several ways. One important application is studying how they
scale in different kinematic limits. In effective field theories, like SCET, this kind of scaling analysis
helps identify which momentum modes are relevant and how to organize power expansions. It can also
guide the structure of factorization theorems by showing how the amplitude breaks into simpler pieces
for different physical regions.

In this chapter, we analyze the leading-power behavior of LO; and NLO; helicity amplitudes in the
soft limit. These limit corresponds to configurations where the transverse momentum of the final-state
partons kr = gr < @ becomes small, and the expansion parameter A ~ ¢gr/Q can be used to organize
the amplitude in powers of A\. The soft limit corresponds to kr — 0, with the rapidity yi staying finite,
while the collinear (to the beam axis) limit, which is also present at ¢r < @, is kr — 0 with diverging
rapidity. For an example of the scaling behavior of the transverse momentum for different limits see

Figure.

kr
A (anti-)collinear
— z=1/4
kﬁ l\\ kn AT 1/6
[ z=1/8
soft
[ — =0
Y = £1/2
0 > Yk

Figure 4.1: Soft and (anti-)collinear behavior of the transverse momentum of the final hadronic state k7 as a
function of rapidity yr. For soft limit the constant variable was chosen the rapidity itself, as in this limit it is
finite, while for the collinear limit we have the rapidity diverging to infinity, therefore now the constant variable
is the momentum fractions z = ¢~ /p, for collinear (yx > 0) and z = g™ /p; for anticollinear (yx < 0)

Our main goal in this section is to determine how individual helicity configurations scale with A and
which ones contribute at leading power in the soft limit. In our discussion we follow the treatment in
ref. [61] for the structure of soft emission and use the spinor-helicity expressions presented in ref. [62].

4.2.1 Soft Scaling of Z-helicity Amplitudes in the ¢r/Q — 0 Limit

In the soft limit, one of the final-state partons becomes soft, with its momentum scaling as k — kg ~
Q(A, A\, A). This regime is relevant when the vector boson recoils against low-energy radiation, such that
the transverse momentum gr of the boson is small.

Eikonal Formula

To understand the structure of soft gluon emission from an external quark leg, consider the matrix
element .

M = 1;(p) M,
where 7 denotes the color index of the quark and momentum labels are left implicit. In the limit where a
gluon with momentum £* and polarization € becomes soft (k* — 0), the emission factorizes universally
from the hard process. The soft gluon interacts eikonally with the external partons, leading to a modified
amplitude of the form:

o~ .6 o~
L) M —  —g.tii(p) T2 L5 M (p) (4.40)
N—_—— p'ks
pi+k5 Di
o — O,
ks
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This is known as the eikonal approximation, and it captures the leading singular behavior of the
amplitude in the soft limit. Importantly, the factor p?}:s is independent of the spin of the emitting
particle: it reflects the fact that the long-wavelength gluon cannot resolve the spin structure of the
hard interaction. The eikonal factor is invariant under boosts along the emitter’s direction, making it
insensitive to the rapidity of the emitted gluon in the strict soft limit (i.e. at leading order only). Our
already familiar color factor T}} encodes the gluon emission in the fundamental representation of SU(3),
and similar expressions hold for antiquarks and gluon emitters (with appropriate group theory factors).
In general, this form of the eikonal factor reflects the Feynman rules of SCET soft Wilson lines for
single-gluon emission.

When a single soft gluon is emitted from multiple external parton legs, such that the full amplitude
receives contributions from diagrams where the gluon attaches to different hard emitters, the amplitude
factorizes into a sum of eikonal terms, one for each emitter, each carrying its own color generator and
kinematic eikonal factor:

n
M () = gs Y T} D" My, (4.41)
i—1 Dbi- ks
where T is the color generator for parton ¢, p; is the momentum of emitter i, M, is the original
amplitude without the soft gluon.
Additionally, it is possible to write the soft gluon limit in terms of the spinor-helicity amplitudes. In
the soft limit, where the gluon momentum ks — 0, any tree-level QCD amplitude universally factorizes
into a product of a soft (eikonal) factor and a lower-point amplitude. That is,

Atree(a, st b, L) 220 S(a, 5T, b) x AT a,b, . ), (4.42)
b b
oy — a{E) ~
a a

where s labels the soft gluon and a, b are the two hard color-adjacent partons. The (n—1)-point tree-level
amplitude A% (..., a,b,...) is obtained by removing the soft gluon from the original n-point amplitude,
leaving adjacent hard legs a and b in the color ordering. The soft factor S(a, s*,b) captures the leading
divergence and is given by: [62]

a S+ = 7<a b>
S( I ? b) <a S><S b> ’ (443)
_ [a b]
gg(Cl7 S ,b) = —m (444)

This soft factor is universal, as it neither depends on whether a and b are quarks or gluons, nor on their
helicities or the magnitude of their momenta, similar to how the eikonal factor from Eq. does not
depend on the spin structure of the interaction.

As an example consider the five-point amplitude

(25)*

+ 9= a+ -\
A5<1éa2673q»4;755)—1m, (4.45)
which, in the limit k4 — 0, factorizes as
ka—0 (35) . (25)2

As =75 8(3,41,5) x Ay(11,27,31,57) =

Baus) < T2Es) (4.46)

Using these eikonal formulas we are able to predict how the Z-helicity amplitudes scale in leading order
in A = ¢p/Q in the soft limit.

Soft Scaling of Z-helicity amplitudes

In analyzing the helicity structure of the process in the soft limit, it is important to determine which
helicity configurations contribute at leading power in the small expansion parameter A\. A necessary and
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sufficient condition is that the given configuration must have a corresponding Born-level process upon
removing the soft emission. Checking this ensures that the soft limit is consistent with the universal
factorization properties of QCD amplitudes.

In the process qg — qZ there is no underlying Born-level configuration in the limit where the final
state quark becomes soft. Since quarks carry spin and flavor charge, they cannot be removed in a gauge-
invariant way. As a result, there exists no eikonal formula for soft quark emission, and amplitudes in
this limit are necessarily power-suppressed. That is, such configurations enter at subleading order in \.
In contrast, the process q¢ — Zg does have a Born-level counterpart, namely qg — Z. Therefore,
soft gluon emission from this amplitude can contribute at leading power. However, to determine which
specific helicity configurations survive in the A — 0 limit, one must further impose angular momentum
conservation. For instance, the configurations

(AZ? )‘qv )‘9) = (+17 +1/27 :I:l)a (717 *1/27 il)?

where Az, A, and A4 are the helicities of the vector boson, quark and gluon in all-outgoing convention,
satisfy all such constraints: they match onto the Born-level process ¢q¢ — Z and conserve spin along the
beam axis. This is because for this configuration of all-outgoing helicities

0— g (p1)q" (p2)7 (p3) 27+,

the crossed physical configuration
g (—p2)at(=ps) = 9" ()27,

leads to the spin states with the expectation number projected along the CS axis: |3,Aq) = |4,3) for
the incoming quark ¢+ (—ps), |%, %) for incoming antiquark g~ (—psz), which nicely combine into the |1, 1)
state for the Z boson, which does indeed conserve the angular momentum in the system. Therefore,
these helicity configurations should contribute at leading power and show the expected A\~! scaling in
the collinear limit, consistent with the eikonal formula , where the denominator scales as p- ks ~ A
for a soft momentum ks ~ Q(A, A, \).

On the other hand, configurations with A\; = —\Az are expected to be suppressed in the soft limit.
This is because the eikonal emission from the soft gluon cannot induce a helicity flip on the quark leg
and therefore cannot supply the angular momentum needed to produce such final states (e.g. %, %>
combined with another |%, %> cannot produce |1, —1) without insertion external angular momenta). All
other helicity configurations either violate angular momentum conservation or do not have corresponding
a phy/sical Born-level diagram. They contribute only at subleading power in ), typically starting at A%
or A2,

It is also worth noting that the leading-power scaling of the amplitude does not distinguish between
helicity configurations that are related by a flip of the gluon helicity. This is the consequence of the
eikonal formula.

The Tables and summarize the power counting behavior of different LO; helicity amplitudes
in the soft limit (¢qr — 0) that we observe. Additionally, Figure shows the magnitudes of the
Z-amplitudes as functions of gy and highlights how the function approaches its soft scaling limit as

gr — 0. Finally, in Figure we show the amplitude magnitude ratio between |A32§ - Zq(/\q > 0)] and

|A3_glq _74(Ag > 0)|, where the latter is expected to have the leading power scaling 1/, therefore their
ratio is expected to scale as A\, n > 0. From the Table .5 we can read that this scaling in the soft limit
would be A3/2, which is exactly what we observe in the plot.

Soft scaling of the NLO; follows similar behavior as the one in LO;, but with an addition of the
In (%) terms. For example, the |'A(I;I,](;go~1>Zq()\q > 0)| scales as

Vevz=u (<12 (=2y, (5yz + 1) + 592 + yz (5yz + 2) + 19) — 168i7 + 6172) %T

1
14427

+

i

1 2
Veyz=yr (=by, + 5yz — 1 4 im) T 1 (qT> 1 Veyz Yk % In <qT)

1
6v/2m Q \@ V2m Q

where the \1/2 scaling of the LO; multiplies the general function

2
A(yr,yz) + B(yr, yz) In (g) + C(yr, yz) In (g) .
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Ags Ags e/ Ay | | Ao \ |A4] \ [A_]
LOy q9 — Zq
+i+, £ o0 (\17?) o (\17?) 0 (X%7?)
+;—, £ O (\17?) 0 (\17?) O (\17?)
—it, E O (\17?) 0 (\17?) 0 (\1/?)
e o (A7) o (X7 o (177
LOl qq — Zg
++, £ o\ o o)
+;—, o\ O\ o
4, + O (\%) o\ O\
— =% 0 (X O\ o

Table 4.5: Observed Z-helicity amplitude magnitudes scaling at soft limit. Here the scaling factor is A = ¢r/Q.

Mg Ags e/ Ay | | Ao| \ |AL| \ |A_|
LO; q9 — Zq

4o+ eWk—yz)/2 ge(yk—yz)ﬂ L [ ek—yz)/2
L \[ qr 1\ ¥
qr qr

4 -+ e(yk yz)/2 2 e~ (yk—yz)/2 2 e3(ye—yz)/2
Q Q

LOy g7 — Zg
1 Q lgr
++, £ —= —
V2 qr 41Q
1 1
PR it g
V2 4Q qr

Table 4.6: Observed leading-order soft limit A = ¢r/Q terms in Z-helicity amplitude magnitudes. All of these
functions are given without the general prefactor g2g% (ay+vs)?CaCr, with '+ for the A, < 0 and ’—’ for Ay > 0.
As expected from the eikonal formula, the leading power qG@ — Zg terms do not have a y; dependence.

Plots of the NLO; Z-helicity amplitude magnitudes and their leading power terms are shown in
Figure [4.4]

Here we also want to comment of the choice of the polarization vectors done in Eq.. The
definition of the €| initially used in the [13] lead to the inverted soft scaling behavior in the LO;
Z-helicity amplitudes, which would violate the angular momentum conservation along the z axis in
the corresponding Born LO( amplitudes. We therefore follow the convention used in [I5], where the
polarization vectors are defined in a frame where the incoming electrons move along the z-axis and the
outgoing muons are emitted at an angle, which is exactly the setup that corresponds to the Collins-Soper
frame in the Born limit. In that frame, the polarization vectors are defined as €/} = %(1’“ +iyH), and
it is explicitly shown that this choice ensures conservation of angular momentum.

4.3 Treatment of 5

Defining 7° in D dimensions is a well-known problem in particle physics, because its usual definition
only makes sense in exactly four dimensions [66} [67]. Over the years, several different schemes have been
developed to deal with this issue, each suited to certain types of calculations. However, there is no single
scheme that works well in all situations, so the choice often depends on the specific process being studied.
In this section we comment on the treatment of 5 for the virtual terms.
In our calculation of the real-virtual contributions, we work directly with the renormalized Wilson co-
efficients (i.e., the infrared-subtracted hard amplitudes) which are finite in D = 4. This setup ensures
that all external partons have well-defined helicities, and in particular, for the valenceE] contributions at

1The valence channel refers here to the case where the flavor of the quark and antiquark matches that of the current,
such as uu — Vg, where the EW current couples directly to external fermions. In contrast, the singlet contribution involves
a flavor mismatch between the current and the external states (e.g., dd — Vg via a u-loop) and arises at one loop through
closed fermion-loop diagrams.
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Figure 4.2: Ratio of Z-helicity amplitude magnitudes between \A(I;S;_}Zq()\q>0)\ and |A$],::1(;1—>Zg (Ag>0)] as a
function of gr. The blue curve represents the exact analytic expression, while the orange dashed line indicates
the leading-power scaling behavior ~ qi/ % Red dots denote the numerical results obtained using the prescription
described in Section The inset shows the deviation from the leading-power approximation, showing that
the amplitude ratio asymptotically approaches the leading behavior in the small-g7 limit. Plots done for Q = 100

GeV, yz =y = 0.

NLO1, the helicity of the external quarks uniquely fixes the relative weight of vector and axial terms at
amplitude level, as seen in the e.g. (v & a) coupling structure in Eq.. This follows from the fact
that massless QCD preserves chirality, so the axial contribution does not receive any additional finite
renormalization beyond tree level. The total singlet amplitude is also finite in four dimensions at NLO1,
and the way -5 is handled in intermediate steps does not affect the renormalized result.

More broadly, any scheme dependence associated with 5 is irrelevant for the hard function extracted
from the SCET matching. This is because the QCD dynamics below the hard scale (as encoded in
the SCET Lagrangian Eq.) involve only the quark vector current. As a result, both the low-
energy matrix elements and the renormalization of the Wilson coefficient must be independent of how
~s5 is treated in dimensional regularization. This means that the finite real-virtual contributions that
enter the MS-renormalized hard function in D = 4 are on their own insensitive to the details of the
~vs5. Therefore, we are free to adopt any (other) consistent scheme for 5 when computing the remaining
k? > 0 contributions to the partonic cross section — in particular, for the double-real phase-space integrals
and PDF counterterms discussed in Section 5.4

4.4 Final results for LO; and NLO;

Using the above mentioned spinor-helicity technique we are able to first calculate the Z-helicity ampli-
tudes and then combine them into the components of the helicity density matrix:

Wi ~ S AL A, (4.47)
helicities in the system

As an example, for LO; this sum would have the form:

W;\?,’R _ I<|M(1),R |i/\/>, |M(1)7R |i>\, :(Alj:/()l)*(1+'2+ 3f)A§101(1+;2;’,3;)

PaPb—qk PaPb—qk i B ]

X
+(AR) (12,304 (1t 2,3
+(AR) (17528, 30) A (17528, 37)
H(AY) (1752, 30 A (1752,,38), (4.48)

where AIj\Ol are the LO; Z-helicity amplitudes, derived as the solutions to Eq.(4.27) with Az from
Eq.(4.14). <|Mpa,pb_,qk|:j\/\,> is the spin and color averaged matrix elements squared for the process
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Figure 4.3: Z-helicity amplitude magnitudes at leading order (LO1), shown as functions of the transverse
momentum gr. The structure of the figure copies the one of the Table The top two rows correspond to the
process qg — Zq, and the bottom two rows to gg — Zg. Each block is split by the helicity of the quark: Ay > 0
(top row) and Ay < 0 (bottom row). Within each panel, amplitudes for different Z boson helicities Az = 0, £1
are shown. The colored curves denote the exact amplitude magnitudes for three different values of k-rapidity,
yr = 0,£1/2, while the orange dashed lines indicate the leading small-gr scaling behavior. Plots are stripped of
all EW and color coupling and are done for Q = 100 GeV, yz = 0.

59



Amnplitiede Magnitude, |A:’;|

Amplitude Magnitude, |,4:';,3

Amplitude Magnituds, [ A3 |

Amplitade Magnitude, |A§:|

!A}'F'M'U' |1 g = ]
ir‘i}""""m' Joaty = 172
— AN gy = —1/2

-~ Loading term

1

g
g

0.100
0.050

010

0.005
-

L0o1

ay (GeV)

I_‘PIu.NI.ﬂ.:.. m=0

1 — LA o = 12
a0~ MR = —1/2 |
Leading termn

0.10
05

[IXINI
0,001
igr (GeV)

-
=
=

4n

=
L= -]

¥

AT

—_— ANy, =1

ST
- Leading term

-

0.001
gr (GeV)

100

=
=

=
=

5 — AN
A, = 172
— | AR gy, = —1 /2
1 - Leading term

0.001
gr (GeV)

NLOy, qg — Zq
)\q =0

— AP g = 0

— AT gy =12
lA.:,.Nl.I’h loge = —1/2

Leading term

10°

I.“‘_“'NLQI |I yﬂ. =10
—— | AN gy = 12
—— ANy = 12

Leading term

10t
| 0,001

1000
100
17
10
1
0001 1 0,001 1
gr (GeV) gy (GeV)
A, <0
|A’.',’J‘fr'""|-!.‘k -0 I
TR 11— | AL, Jom =12
e [ATRNLOL o ool — I I
<= oo Lasling terim Tending torm
0100
0.10 .050
0.05
(010
0.005
0.01
0.001 1 0.001 1
v e v (GeV
GeV gy (GeV)
NLO,,qq — Zg
A >0
—_— ANy =0 L et IS TR

|A?.RI.L'I. L= 172 I_A.E..i.m.c:.llyk e |;2
— ATy = 12 0100 | gwenten ), o g2

1] Leading teem || || ... Lesding tarm
e - 0010 2
0001
100 1
1078
0.001 1 LXIT3 S 1
ar (GeV) ay (GeV)
A <0
1) — AN g = 0 — | ARNLO = D
(AT AL g0
0,100 [ATENLD g — [ AN g = —1 /2
Leading terim 10° Lawcing term
0010
0.1
10 100
-®
0.001 1 0.001 i
g [GeV) gr (GeY)

Figure 4.4: NLO; Z-helicity amplitude magnitudes, shown as functions of the transverse momentum gr. The
top two rows correspond to the process qg — Zq, and the bottom two rows to q§ — Zg. Each block is split by
the helicity of the quark: Ay > 0 (top row) and Ay < 0 (bottom row). Within each panel, amplitudes for different
Z boson helicities Az = 0,+£1 are shown. The colored curves denote the exact amplitude magnitudes for three
different values of k-rapidity, yx = 0,£1/2, while the orange dashed lines indicate the leading small-gr scaling
behavior. Plots are stripped of all EW and color coupling and are done for p = Q = 100 GeV, yz = 0.
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PaPb — gk, projected onto the helicity component AXN'. The sup-indexes (1), R refer to the order of the
strong coupling at which the term arises and our shorthand name (single-real, R) for these contributions.
We have also omitted the sum and integral over hadronic radiation in the expression for the Wyy.. The
integration is discussed in Section [£.5]

The components of the helicity matrix are later combined into the structure functions as defined in
Eq..

In this chapter, we present a few example matrix elements squared computed using the spinor-helicity
method. We begin by reproducing the LO; helicity cross sections and then show some representative
results for more non-trivial contributions, including the absorptive terms Wé?ﬁ)’% as well as the singlet
contributions from fermion-loop diagrams (shown in Figures and .

Firstly, in order to parametrize the results we use Mandelstam variables:

o+ 1) = 2pa - Db,
Pa— )% = (po— k)%,
u=(pp—q)° = (pa — k)%,
525k2:s+t+u—Q2,

which for the case of the massless k-particle the last line simplifies to
Q*=s+t+u. (4.53)

Next, we note that all of the LO; structure functions are proportional to the following combination of
constants:

2CACr g? 2 (a2 + v? i € (—1,0,incl, 1,2,7
gLOlz{ A ng<M)gZ(af+vf)v ? ( , U, 11Cl, ) )a (454)

4CAC’Fg§(u)g%anf, i€(3,4,5,6)

where C'4Cr is the color factor, g; and gz are the strong and EW coupling constants.

To have a bit more intuition about the nature of the (af‘- + v?) and aqv, coupling coefficients we have

to go back at have a look at the structure of the hadronic tensor W#¥. In general, the hadronic tensor
arising in vector boson production can be decomposed into parity-even and parity-odd components based
on the structure of the currents in it. These currents contain both vector and axial-vector parts, and
for the production of the Z-boson take the form J* = @vﬂ(vf — asy°)y, with vy and ay as the vector
and axial-vector couplings of the gauge boson to the fermion f. When the two currents appear within
the same trace, as in W ~ Tr[p v*(vy — af’y5)p2’y”(vf - af’ys)}ﬂ, the resulting structure contains
contributions proportional to UJ%, a?, and vyay. The terms quadratic in vy and af correspond to parity-
even interactions: they originate from contractions of vector x vector and axial x axial currents, and
produce symmetric tensors under the exchange of 1 <+ v. On the other hand, the mixed term proportional
to vyay arises from the interference between the vector and axial-vector parts, and gives an antisymmetric
tensor. This antisymmetric component changes sign under a parity transformation and thus is parity-
odd.
This is important when we are contracting the hadronic tensor with the projectors from Eq., as
some of the combinations of the projectors are parity-even (i = —1,0,1,2) and therefore will null the
parity-odd term in the hadronic tensor, only leaving the structure functions proportional to UJ% + afc.
Other projectors are parity-odd (3,4) and therefore they will be producing W; that are proportional to
vrars.

The so-called T—odcﬂ structure functions ¢ = 5,6, 7 will have a different scaling with W5 g ~ vfay and
Wy ~ (vfc + a?c). This happens since these structure functions arise from the subleading e poles hitting
the virtual loop integrals, therefore our four-dimensional intuition for the couplings does not work here.

2Similar thing happens when the couplings appear in separate traces, such as in the product WH¥ ~ Tr[]z)l'y“(vf —
af'y5)p2] -Tr[pg’y"(vf/ + af/'y5)p4}. Each trace splits into a parity-even and parity-odd part, such that the full contraction
includes contributions proportional to vyvys, agass, vyays, and agvy. The combinations vyvys and agay, multiply parity-
even structures, since they come from a product of even-even and odd-odd traces. In contrast, the mixed terms vyass and
asvy couple even to odd, or vice versa, and produce parity-odd contributions. Thus, regardless of where the couplings sit
in the hadronic tensor, in four dimension WH¥ separates into parity-even tensor structures that multiply the combinations
vJQ, + af, or vgvys +ayay and parity-odd structures proportional to vyay or vgagp +agvyr.

3In this context, T-odd refers to quantities that change sign under naive time reversal, meaning the reversal of all
particle three-momenta and spins without complex conjugation or interchange of initial and final states.
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Therefore, for the qg — Zq process, the LO; helicity projected matrix elements squared |M(;LRZ qE are
(1), (@ +5)” +(Q° —t)?
‘ng—)Zq| ( t,u, Q ) —gLo,u S(Q2 —u)(Q2 —t) s (455&)
2 2Q%u t s
‘M(!J‘)thncl(s tsu, Q ) = —gLo, ( St + ; + t) ; (455b)
Qu (@t @ —u
|ngﬁzq| (s,t,u,Q*) = —gLo, \/: 2@2 1) (4.55¢)
()R 2 _ (@ +5)° +(Q* 1)
|./\/l g—>Zq| (s,t,u, =|M g_>Zq|0 = —gLO, U QT —u) Q1) (4.55d)
o u (Q* + 2su + u?)
]ngﬁzq’ (s,t,u, Q%) = 29L01\/t(Q2 Q= S , (4.55¢)
2 Q3s (Q* — 2Q%* + u?)
|./\/lqg_,zq| (s, t,u, Q%) = 29Lol\/(Q2 “H (07— " , (4.55f)
(1),R (1),R (1),R .
|ng—>Zq|5 |ng—>Zq|6 |ng—>zq|7 = (4.55g)
For the q@ — Zg process, one has the following;:
R|2 Q*—t Q2 —u
|M22L29|0(8,t,u, Q%) = gro, <Q2 Q2 — (4.56a)
(1)R |2 2\ _ 2Q%s U
Mg zglima (581 Q%) = gro, < T ; T3 ) (4.56b)
MR 2 o Qs (2w @*—t
’quﬁzg‘ (sit,u, Q%) = gro, . (Q2 T =) (4.56¢)
(1),R |2 Q% —t Q2 —u
MOR 20040 0%) = MO 120 10,0 = guo, ( Tt g (456d)
(DR |2 2y _ (Q*—1) (@ —u) QQ*u Q*—t
|./\/lq,j_,zg|3(57t,u,Q )= —29L01\/ ™ 0=t Q' -u) (4.56¢)
2o+ (@2 - w)”)
(1),R |2 2y _ Q3s ((Q
(Mol zgl (560, Q%) = 29L01\/(Q2 @ = ” , (4.56f)
1R 12 _ (1),R (1),R _
|MQ§ﬂZg‘5 - |qu~>Zg}6 |qu~>Zg|7 = (4.56g)

One can obtain the structure functions for processes with antiquark and/or reversed order by the following
prescription in ref. [16]:

Wi ae = Wi qq ifie{-1,0,1,2, 7}, Wi qa = —Wi, qq otherwise,
Wi gq = Wi gg(ut) ifie{-1,0,2, 3,6}, Wi gq = —Wi gg(u<>t)  otherwise,
Wi a9 = Wi qg ifie{-1,0,1,2, 7}, Wi a9 = —Wi qg otherwise,
Wi gqg=Wiqut) ifie{-1,0,1,2, 4,5}, Wi gqg = —Wi qg(u>t)  otherwise.

For the comparison with ref. [I6], see Chapter @

At this order, one observes that Wy = Wj, which reflects the well-known Lam-Tung relation [68]
Ay = A,. This relation is a consequence of the spin-1/2 nature of quarks at tree level and the vector
coupling of spin-1 gluons to quarks at O(«s). It holds up to O(«s) in perturbative QCD, but is violated
at higher orders in the strong coupling. Moreover, the structure functions Wy, W, and W7 vanish at
this order, as they are related to the absorptive (imaginary) parts of the amplitude and thus receive
non-zero contributions only from loop-level diagrams.

The true power of the spinor-helicity method becomes apparent when computing the NLO; contri-
butions. To obtain the RV terms in the O(a?) cross section, one must contract the NLO; Z-helicity
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amplitudes with the LO; amplitudes as follows:

(2),RV, ﬁn ),RV,fin
g W3 |Mpapb—>q/€ |>\/\'>’
X

MY = (ANFO) (1 28, 30 ) AR (152, 37) + (ARO) T (1F 2, 3,) AN (1% 2, 37)
F(AYFO (a2, 30 AYO (1 2,3 + (ARCY) (1T 2, 80) AN (1 2, 31)
(AN T2 ) AN (1728, 37) + (A7) (17320, 30) AV (17527, 37)
(AN (175230 AYO (1752, 30) + (AXPY) (17524, 30) AXMO (1752, 30,
(4.57)

where the indexes on the element W), are describing;:
e (2) — order in strong coupling a,
e RV — which out of two contributions at O(a?),
e fin — which part of the real-virtual contribution.

Here, .ANL01 may refer to one of several Z-helicity NLO; amplitudes derived from various terms in the

full amplitude .Afuu the divergent part (see Eq.), which gives the infrared poles in the RV terms
— useful for comparison purposes (see Chapter [6) but not directly used in the final result; the finite
remainder (Eq.), which provides the IR-finite contribution we actually require; or the top-quark
loop contribution, also part of Agy (Eq) In general the one-loop Z-helicity amplitude is

NLO NLO;, di NLO, fi NLO; , top-1

where each term is coming from various terms in the full amplitude.
Since the resulting expressions are rather lengthy, we will present only representative examples. We

begin by showing the derived T-odd helicity matrix elements squared constructing W5(2)’Rv’ﬁm7 VV6(2)’RV’ﬁn

and W(Q) RVAfin *These have the contributions only from the finite terms ATLO“ fin
ANLol, top-loop
A\ .

, and possibly the top-
loop ones
The finite terms in the helicity cross sections have similar general coupling structure, where the only
addition is the extra power of the strong coupling a,:

fin 20,5 CaCr g2 (1) g% (a? + vj%), i€ (-1,0,incl, 1,2,7),

_ 4.58
IRV {4045 CaCr g2(p) g% asvy, 1 €(3,4,5,06). (4.58)

The fifth, sixth and seventh second order helicity matrix elements squared for the gqg — Zq process are
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thus

|M(2),Rv,ﬁn|2 _fin ¥ Q% Cr 2Q°+s
a9—2q (@*-t)(R*—u) | 2 Q*—

(o) [ (- () (S |

(4.59a)
(2),RV,fin fin Q%u Cr  t-2u
‘ngHZq |6 ~IRv \/(Qqu)(QQ—t)wf 2 Q*-
Ca v Q* (Q@-uwu  ((Q°—u)(Q*~1)
(- 2) [+ G- (2 )H (159b)
N LU Q% | —Cr 2Q%u+st
M e = =2V S | e
Ca\ [ 2@% @ wtu (@ u (@—u)(@1)
‘<CF‘2) [(va‘(@?u)(cz?t)ﬂl“( s )‘sln(ut)”
(4.59¢)
Similar structure functions are achieved for the ¢ — Zg process:
n in Q25 —C Q2_t QQ_U
’Mq?l)—f{;gﬁ ‘i =gRv (Q%—u)(Q?—1) QF ' (QQ—U+ Q- )

o) R () 22 @] o

RVAn(2  fin Q% Q—t Q-—u
|M512§)—>R;gﬁ | =9r% V(@2—u)(@Q>—1) lC . <Q2—u Q?— >
N ( Coe % > . [Qzuu " <Q28t> - Qtht . <Q2Su>] ] | (4:60b)
(2),RV,fin |2 | Q% ut Q>—t Q*—u
’qu%Zg ‘ _29 ut [CF ( 2(Q2—t)(Q2—u)> <Q2—U_Q2—t>
2 2 2_ 2_
(oG fom g i m(5) (5] ] (4000

These structure functions have been derived in the literature [16], 27] and we discuss their comparison
with the known results in the Chapter [6}

We show these structure functions for illustration purposes, although our results include the full set of
NLO; structure functions for ¢ = —1,...,7, which to our knowledge have not been presented in the
literature.

Additionally, the helicity structure functions associated with the top-loop contributions also do not
have an explicit derivation available in existing references. Here, we also provide the complete set of
these results for both NLO; subprocesses. These top-loop contributions involve a slightly modified
coupling structure, as they result from the interference between the LO; and the top-loop-induced NLO;
amplitudes. The coupling prefactor takes the form:

wop {8% CACrTr g%(p) g% agay, i€ (—1,0,incl,1,2,7),

9 - «a . (461)
1652 CaCRTr g2 (1) 9% vsur, i €(3,4,5,6),
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where v; and a; denote the vector and axial-vector couplings of the top quark, respectively. We work
in the heavy-top limit 1/m; — 0, assuming that the top quark mass is large compared to the relevant
external scales.

Thus the helicity matrix elements squared for a top-loop contribution of the NLO; qg — Zq process are

2 2
‘M‘(fg‘)qutop 12ncl = glt_‘é)\g) (82 +Z> (1_ uf?iQQ In (_QUQ>) ) (462&)
o o 1 1 2
VMLMHRXqt p’?) Ry (Qz + Q? — u) (1_u ?QQ In <_52)> ) (4.62b)
0 op |Q*uu’® —2st + s Q?
’Mf}g—f{;qt p|1 = glt%\g) tsu Z(QQ _ t)qu (1 U — Q2 ln<£;2)) ) (4.620)
’ ;L0 s ,to o 1 1 Q2
’M%LRZVJ p|2 !M%}j‘gj p|§ giPy (Q2 + o u) (1u_len<£;2)) ; (4.624d)
o o t Q2 —t Q2
My = gﬁ‘w Q- uﬁ(@? 1) (” = u) <1‘ " (‘52» ’ (4.62¢)
),RV to gie v QMR -t) Q* u
g [T (1 SO (@)
o o Q? t—s) —2s?
|ng—)R;qt p’; ;{\?Zu\/ (Q2 _ t)(QQ _ ’U,) U((QQS) u)28 9 (462g)
METP e = iy 4Q2\/ o t;L(QQ (Ut = 8) +28D)(@ — 0, (4.62h)
0 0 2u u(t - _
(Mg 2517 = —orim \/? (2(2_5))2 (4.62i)
Similarly, the contributions for the qg — Zg process are
0 op (@ + Q?
MG et = — 900 (Q2 - i) (1— — 1n(52>> , (4.63a)
o o s(t —u)? Q? s
’Mq?l)—?gqt p|(2) = _g;{\? (1_ (QQ — u)(QQ — t)(QQ — s)) (1_ 5 _ Q2 ln<Q2>> , (4.63b)
o op 1 (t —u) (Q? (8% — 2tu) — stu Q?
M=o i s (rog(@) e
RV, to RV, to o s(t — u)2 Q? S
MR = IMEET = o (- e ne—) (e (@)
(4.63d)
RV to on 1 (t —u) (2tu — 52 Q>
|M£12(1)—>R;gt p|§ f%\?2 W)/t (Q ( Q)2 _— <1— s QP 1D(Q2 )) (4.63e)
’M el RVtop| - top\[ <(Q2 _S) _tU) - (QQ_S) L <1— & 1n(8)> (4.63f)
qq—Zg 4 Irv 2 \/@(Qz _ S) \/(QQ — t) (QQ — u) s — QQ QQ ’ .
(MET PG = (MG, P s = MG, | = (4.63¢)

Finally, for the D = 4 comparison with the RR results, derivation of which will be discussed in the next
chapter, we square the LOy Z-helicity amplitudes:

2),RR 2),RR 2
W>(\ )' = I<|M;apb%qk1k2 })\)\’>’
X

MR 12— 3 (A%02)*(1,2,3,4) 4502 (1,2,3,4), (4.64)

PaPb—qk AN
helicities of the system

where the sets of possible helicities depend on the process at hand and they are discussed in full in
Section [£1.3] and in Appendix [E] We can compare these results at the level of amplitudes squared,
before the integrating over the final-state hadronic radiation.
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4.5 Rewriting 2 — 2 phase space

In this section we derive the 2 — 2 decay phase space d¢,, p, —qk) required for producing the R and RV

structure functions from the matrix elements squared ’Mpapbﬁqkﬁ. We perform the derivation in fully
general D dimensions, as it will turn out to be useful for the integration of the double-real terms. Of
course, for the RV terms, specifically for the hard function, it is enough to have the expressions only in
4 dimensions.

For the convenience, we absorb the momentum fractions measure from the PDF convolution integral

(2.29) into our 2 — 2 decay phase space:

d ad d4_2€ d4—2€k d 2 4 2
AP (papy—qk) = 5 éb (27r)4q26(27r)5(q2—m3)9(q0)] [W( m)6(k* — m3)0(k°) %%

x (2m)47 2629 (¢, P, + &Py — k — q), (4.65)

where the integrals go over the final states ¢, k with their masses mg, my.
For further simplification of the phase space we will go to the lightcone coordinates as defined in
Eq.(2.38a)) and Eq.(2.38b]). The integration measure then reads:

d'k = %dk‘dk*dkmdky = %dk‘dk*dk%d@ (4.66a)
di=2%k = %dk—dk+d2—2€kT = %dk‘dk*dk?d@u‘?e). (4.66b)
Delta-functions in lightcone coordinates are thus:
54 (k) = 26(k™)0(k1)5(ky)d(ky), (4.67a)
64 2(k) = 26(k7)0 (k)0 %29 (kyp), (4.67b)
S(k* —m»O(E) = (k™ kT — k2 —m?)0(k7)0(kT). (4.67¢)

Using this parametrization together with the D-dimensional definition of the momenta of the incoming
particles in lab frame P, = F,(1,0,...,0,1) and P, = E;(1,0,...,0,—1) we are able to simplify phase
space further and rewrite:

d4 2€q (qT) dq dq+dq dQ(2 26)
3(q* - ) (@°) = ( — gt —mg)0(q7)0(g"),
SN (&P + &Py —k —q) = 25(2ga 0 — kT — a7 )02 Ey — kT —q")6® %) (kr + qr).
Substituting this into we then achieve:

AP(p,py—ak) = (27r)2

d¢, &, [ (g3)~¢ dq~dg* dg3.d* > -
d, dg) [(qﬂ q”dq* dgi 5(q® —m2)0(¢7)0(q")

fa gb 4 (27r)4—2e
dk=dk*td**ky oy 5] dmd dmg
[2(%)426 §(k2 —m3)0(k™)0(k )} S
X (2m)*225(260 By — k™ — q7)0(26 By — kT — ¢)6C %) (kr + ). (4.68)

Following this we now integrate (4 + (2 — 2¢)) delta functions over kr, m3, mg, &q, &. We obtain that
after integration all functions depending on these variables change according to:

kr — —qr, mi — k;2, mg — q2,
k™ +q kT +q"
7(]’ é’b — 7(]
2F, 2E,
Also note that since £, and &, are the momentum fractions their values have to be 0 < £, < 1 and

0 < & < 1, which causes an additional pair of theta functions 0(2E, — k= — ¢7)0(2E, — k™ — ¢7) to
appear in the expression:

§a — (4.69)

1 1 L (g2) ¢ dg~dgt dg2.doi )
d(b(papzﬁqk) = k= +q kt+gq +dk dk 4 (27)4—2
x 0(q)0(qg )0k )O(ET)(2E, — k™ —q7)0(2E, — kT — g™). (4.70)
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Finally, from the formula

27TD/2
Q) — 4.71
where the I'(z) is the Euler’s Gamma function, we get the following integrated solid angles:
2ml—e I'(1—¢)
QP2 = Q1729 = o(4m) T 4.72
a T(l-¢ ¢ S T (4.72)
. (2—2¢) .
Integrating over we obtain:
() 1 (g3)~° dk~dk*dg~dg* dg}
dqs(il’apb—ﬂlk) = 29 _ — — + +
(4m)22rT(1—¢) (k= +q7)(k* +¢*)
% 0(¢7)0(q )0k 0K )I(2E, — k™ — g )0R2E, — k" —q*).  (4.73)

Combining with spin, color averaging, symmetry factor, leptonic factors, flux E., and summing over the
hadronic radiation X the we arrive at the N*~1LO; partonic helicity cross section:

2

(n)
O-Z,VV 7ab ( )7' Vv keX ¢Papb_)qk 2Egm nanbNaNb X sym
., Z/ ( 2)~¢ dk~dktdgdgtdg? 1 6(k2)|M(”) |2 « svm
e keX ) 2E2, (k= +q7)(kT +q%) nansNoNp papyak vVl %SV
x 0(q~ )0(q+)9(k’>9(k+)9(2Ea — kT —q)02E, — kT —¢7), (4.74)

. . . . . 2
where n,, ny and N, N} are the spins and color factors of the incoming particles respectively. |Mpapb4>qk|

are the matrix elements squared, projected onto a ¢ helicity state. Leptonic factors L(4); are defined in
Eq.(2.26). As for previous variable change momentum fractions &, and &, are equal to (k= + ¢7)/2E,
and (kT + ¢7)/2E, respectively.

Since the R and RV processes for a set a and b incoming particles can have only one type of the
particle in the hadronic radiation, the sum over k£ € X drops out. As we drop the leptonic factors and
the flux, we arrive to the formula for first and second order helicity-projected hard function, which could
already be used in Eq.(2.77) and Eq.(2.86) accounting for the fact that we have absorbed the measure
from Eq. into the partonic cross section:

HY)

iab

1 dk~dktdgdg*tdg? 1
/ 4_<4_Cdr X Sym.

(4m)? (k= +q IGETRITTAT
x 0(q7)0(gH)0(k™)0(kT)O(2E, — k™ — ¢ )0(2E, — kT — q"), (4.75)

§(k*)| M

Pal)b_>qk|

2) 1 dk™ dk+dq dg*dgi L VNPT
= k .
i ab /(471')21 (k + q- )(k+ + q'*‘) nanbNaNb |Mpapb—>qk finite+top X sym
% 0(q7)0(g )00 )O2E, — k= — q)0(2E, — K+ — q*). (4.76)
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Chapter 5

Computation of double-real
remainder terms

Now we turn to the non-singular part of the full cross section, as defined in Eq.. For this part,
we compute the double-real (RR) contributions from scratch, without using the spinor-helicity method.
Instead, we work directly with standard Feynman rules and later integrate (not just multiply with the
phase space element, as we did for the R and RV) over the full hadronic decay phase space. This is
necessary because the phase space for a 2 — 3 process involves a nontrivial integration over the final-
state parton momenta k; and k;. Once the amplitude and phase space integration are done, we perform
the renormalization of the remaining infrared divergences via PDF counterterms.

5.1 Calculating and squaring matrix elements

As discussed in Section[2.6.3] we expect the RR contribution to contain IR poles that need to be removed
by PDF renormalization. The ultraviolet poles have already been accounted for via the V + jet threshold
factorization in the singular part of the cross section. What remains are the finite k2 > 0 terms, which
can still contain initial-final IR divergences. Since these contributions require working in dimensional
regularization, we cannot use the spinor-helicity formalism to compute the helicity amplitudes, as it is
strictly defined only in four dimensions.

Instead we compute the structure functions, and more specifically matrix elements squared, directly
using Feynman rules. The required rules for this calculation are summarized in Appendix [A] We follow
the framework described in Section [2:2] and first obtain the hadronic tensor, onto which we later apply
the projection operators defined in Eq.(2.20). We perform this process for all five RR channels.

To simplify the computation and avoid the overhead from symbolically handling large tensor expres-
sions, we used Feynman gauge for summing over the polarizations of external gluons. In this gauge,
the polarization sum is ) etel” = —g"”, which sums over all of the polarizations of the spin-1 par-
ticle. Since our external gluons are on-shell, only transverse polarizations should contribute, therefore
the correct approach would be to include a projection onto the physical polarizations using an auxiliary
lightlike vector r, which leads to:

17 17
Z etV = —g' + %, and similarly for the internal propagators.
S

However, inserting this expression into the hadronic tensor introduces a large number of additional
terms and makes the calculation significantly more time consuming. To avoid this, we kept the simple
—g"” sum and instead included ghost diagrams, which cancel the contributions from the unphysical
polarization states. This correction is only needed for diagrams with external gluons. For six-fermion
processes, such as qg — qqV or qq — qqV’, this issue does not arise. In fact, the problem only appears in
diagrams involving three-gluon vertices, since in diagrams where gluons attach to fermion lines, the quark-
gluon vertex, combined with the Dirac equation, effectively forces the gluons to be transversely polarized.
Interference between such diagrams and three-gluon diagrams also only involves physical polarizations,
because the fermion-gluon vertex side enforces the sum to run over only transverse polarization. The only
truly problematic terms are those where both sides of the interference come from three-gluon diagrams.
For those, we include the ghost diagrams, shown in Fig. in order to cancel the unphysical terms.
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{a) (b) (c)

Figure 5.1: Feynman diagrams with ghosts (denoted with dashed lines), included to cancel unphysical polariza-
tions that arise when using Feynman gauge for the sum over external gluon polarization vectors. Ghost diagrams
are shown for the (a) q§ — Vgg channel, (b) gg — Vqq channel, (c) gg — V¢g channel.

Although, for the full confidence in the O(e) terms, it would be valuable to repeat this calculation
in the axial gauge for both the external polarization sum and the gluon propagators, avoiding ghosts
entirely.

Finally, we used our numerical results for the LOy Z-helicity amplitudes, obtained via the extended
spinor-helicity method, to cross-check the matrix elements squared computed from Feynman rules against
those derived using the spinor-helicity approach, all in order to have self-consistency within our pipeline.

5.2 Integrating over k-particle phase space
Our next step in achieving the RR terms in to derive the phase space and integrate over the hadronic

radiation. This process is more complicated than the one presented in the Section since in this case
the number of final state particles is higher and the phase space has to be factorized to account for it.

5.2.1 Phase space of decay into N particles

&P, 3

&Py N—M+1

Figure 5.2: An illustration of the factorization of the phase space of the decay into N particles

Here we will derive our expressions for the phase space, starting from the most general case of the
decay into N particles: (£,P,) (£4P,) — {p:}}Y, and show how it applies for our calculations.
The phase space for the decay into N particles can be described in terms of a product of two decay
spaces: one into M particles and other into N — M particles. Formally we can write full decay space as
follows:

dé, &, 77 [ 42 p; al
don = ?a?bb H {(27)4%6(277)5(19? - m?)e(pg)} (2m)* 2520 (faPa + &by — Zpi), (5.1)
@ i=1 i=1
where p;, ¢ = 1,..., N are the momenta of outgoing particles and m,; are their corresponding masses.

We have also included the d§;/&;, i = a,b factors from the expression of the collinear factorization of the
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differential cross section in Eq.([2.29)).
Substituting identity in the form of

d472ek

M dm?
W(zw)g(zﬁ — m2)0(k")5 (42 (k = pi> (2m)t2e T g (5.2)

2T

yields the following expression of Eq. as a product of two decay spaces:

déq d&, T [ d 2 ps
don = ngT,b E {(270411726(277)5(19? —m?)G(p?)}
d4—2¢) ) ) o 42 x(4—2¢) N—-M
X Gy (2OUE — )R (2m) (gapﬁgbpb, ; pﬁk)
N d4—25pi 2 9 0 4 2¢ 5(4—20) N dm?
= | E et G YIRS S 0
i=N—-M+1 i=N—-M+1

where £ momentum is taken as a sum of the momenta of M particles, which decay separately in the
second phase space, described in the last line of Eq..

Additionally, refer to Figl5.2]for a schematic representation of the phase space factorization. The formulas
in the red and blue boxes correspond to the phase spaces associated with the diagrams shown in these
respective boxes.

Phase space of the decay into 4 particles

q1
q1
g2 q
q q2
&b —_— &l
&Py &by
k k1
ky k
o
k2

Figure 5.3: An illustration of the factorization of the phase space of the decay into 4 particles

In our case, we focus on the decay into four particles (p,pr — Vki1ka — q1g2ki1ke, where g1g2 correspond
to the momenta of the final leptons and kqkso correspond to the momenta of two particles that are left
after the production of the vector boson, that is two quarks, two gluons or a quark and a gluon), which
we decompose as a product of two decay spaces, each into two particles:

4 —2¢,
d¢4_d§ad£bH|:d4 2}%

4
e U W@WW@? - m3)9(p?)] (2m)4=2e(4-2¢) (§aPa &Py — Z;p) (5.4)

where we now substitute two resolutions of the identity:

d472ek o B ede

1= W(Qﬂ)a(kz — mi)@(k0)5(4 2 )(:ZC — k'l — k'Q)(QTF)4 2 Tﬂ'k’ (55)
d472eq o B Edm2

1= W(Qﬂ)é(qz - mZ)G(q°)5(“ 2 (g — q1 — go)(2m)* 2 Tﬂq~ (5.6)
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So that the decomposition is:

dé, déy [ d'7>q
fa fb (271—)4726

4—2¢ m2 de
(2mila? — w00 | gy (IO — o) | AT

x (2m)42¢642) (¢, P, + &P, — k — q)

(2m)%0(q7 — m2,)5(q5—m2,)0(q9)0(g3)(2m)* 262 (¢ — g1 — qo)

dos =

d4—2€q1 d4—25q2

X (27-r)4—2€ (27‘()4_26
y d472ek1 d472ek (
(27r)4—2e (27‘(')4_26

m)26(k? — mi )3(k3—m2)0(kD)O(kI)(2m)* =262V (k — ky — ko). | (5.7)

Refer to Fig[5.3|for an illustration of the phase space factorization. The formulas inside the colored boxes
in Eq. correspond to the phase spaces depicted in the diagrams in the figure.
Thus we can write:
ds = dP(p, p,—qk) AP (q—142) AP (k— k1 k) (5.8)

where d(,,p,—sqk) is already derived the phase space of the decay 2 — 2 particles (see Eq. -
d®(k—kyky) 18 the 1 — 2 decay space of the hadronic radiation, and d¢(4_4,¢,) = d¢r leptonic decay
phase space. The last one is left untouched, as it will be absorbed into the leptonic factor in Eq.(2.26 -

Rewriting 1 — 2 phase space

Phase space of the 1 — 2 decay from Eq. is:

d4—25k1 d4—2€k2

d¢(k*}k1k‘2) = (271_)4,26 (271_)4,25 (27T)26<k2 mkl)é(kQ mkg)e(k0)9<k8)

x (2m)47266U 29 (ke — Ky — k). (5.9)

Integrating over ko and assuming that the masses of the final states are zero, i.e. that my, = myg, =0,
we get:
d*- 26kl 2 2 0 0 0
AP(k—skiko) = m‘s(lﬁ)(s((k — k1)7)0(k1)0(k” — k7)
dRYd|ky ||y |22 QG20

T S((KD)? — k1 [*)a((K0)? — 2Kk — 2k - ky + kD)O(KD)O(K® — kY (5.10)

d(k?)
2k0

the A(k?) substitutes k9 — |k1|, to obtain:

where we can now use that dk{ = ® and integrate the delta function over (k?)?, which together with

dlk_in_ﬂQ—Qs d0(3—2¢)

AR (%)2,266«1@0)2 — 2k°|ky| — 2k - k1)O(K® — |k ) (5.11)

AD(k—kiks) =

All the three phase factors are Lorentz invariant, so we can work with each in its own reference frame.
Therefore, going to the k rest frame, we have:

k= E(1,0,0,...0)
(1,...,sin 6 sin By cos b5, sin O cos o, cos 01
(1,...,—sin 6 sin bz cos O3, — sin Oy cos O, — cos 7).

We finally obtain:

1 dQ(S—Qe) dQ(3 2¢)
d = —(B/2)' % = 223 (k? 5.12
¢(k*>k1k2) 2E( / ) 2(27‘_)2,25 (27‘(’)2 2(—: ( ) ( )
where the differential dQ(3~2¢) represents integration over D — 2 = 2 — 2¢ angles 601,605,065, ... and one

arbitrary azimuthal angle ¢.
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5.2.2 Final cross section

As the final cross section, collecting all the expressions above, integrating and multiplying by a flux

factor, we then receive:

| (n) 2 1
PaPb—qki1ke,VV' i

45y = Loy S [Amosan [ doncs, =220, e X

keX

Lo, Z / (4m)© (q%)—f dk'_dk;‘*'dq_dq'f'dq% 1 /d(lsk—ﬂclkz |M(n)
vy (4m)2T(1 — ) 2E2, (k= +q)(k* + ") nanyNo Ny

keX

2
1t Papb%qklkz,vv’b

x 0(q7)0(q)0(k™)0(KT)0(2E, — k™ — ¢7)0(2E, — k™ — q7), (5.13)

where n,, n, and N,, N are the spins and color factors of the incoming particles respectively. sym is

the symmetry factor. |M ;. p, —qkiks)

|2 is the helicity matrix element squared, which in our case is equal

to contracting the hadronic tensor with relevant projectors.

5.2.3 Master integrals

In this subsection, we focus on integrating the squared matrix element over the variables ki , k", k5, ks .
We will express these variables in terms of angular parameters defined in the rest frame of k = ky + k.
We will also present the relevant master integrals, which will be used to perform the integration over the

angles.

Angular dependencies in propagators

We proceed by expressing the variables ki, kf, ks, k; in terms of angles within the & rest frame frame.

Y i

2
pp = VR —ap
2

Plus (minus) components of these
n=(1,0,...,0,1)7@ = (1,0,...,0,
mass frame.

(1,...,cosf3sin 0y sin 61, cos O sin by, cos 1), (5.14a)
(1,...,— cosfssin b sin 01, — cos B sin 01, — cos 7). (5.14b)

momenta can be achieved by taking a product of ki or ks with

—1), which must be boosted from the lab frame to the k center of

Transformation from lab frame to the rest frame of k£ can be written in two steps:
1. Longitudinal boost along k rapidity y in z-axis into the gluon frame.

where in lightcone coordinates cosh y =

t' = tcoshy, — zsinhyy,
T =1,

Th_3=1xp_3,

Y =y,

2 = —tcoshyy + zsinhyy,

e A k= — ket
——FF and Sin  r———————
Wkt PN

2. Transverse boost along ET in y-axis into the rest frame of k.

kr qr

where 5y = =—

V2 k-

Y= ’yt’ . By/
vy =,

Th_3 = Tp_3,
y'=—pt' +y’

" /
2=z,

W YRR kR
B A N
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Therefore, n and  boosted to the k rest frame read:

n — ﬂﬂﬂo O_qiTUE,/E (5.15a)
boosted k_k“‘—q% k_7 yreey Yy \/m k_7 k— ) .

I - ﬂﬂﬂo 1/ 1/ (5.15b)
boosted — k_k_,’__q% k_7 gty 7 m k_ .
Therefore, minus and plus components are as follows:
ki =k -np td:k; 1-— ar cosfysinf; — /1 — cos 01
1 ooste 9 \/ﬁ ]f k+
Lt /
kf‘ = k1 - boosted = 5 <1 — ::ﬁ cosfysinf +14/1 — - cos 01>
P k~ qr .
9 = K2 * NMboosted = ? 1+ \/ﬁ cosfysinfy +14/1 — COb 01
kt .
kS = k2 - Mhoosted = 5 (1 + \/% cosfysinf; — /1 — kih];Jr cos 91> ,
where one could notice that the lightcone components of k1 and ke depend only on two angles 67 and 6.
Using previous expressions and our definition for p, = ,F,(1,0,...,0,1) and
oy = &Ep(1,0,...,0,—1) we can achieve the following expressions for propagatorsﬂ written in terms of
k=, kt, qr, as well as their angles in k rest frame
k= +q 2
(pa—kl)Q:—%aEakf‘:—( 5 q )k+ (1—\/%C0892 sinf;+14/1 — kqjl;"‘ cos9> (5.16a)
k™ +q” q : a7
(pa—k2)2:—2§aEak§':_( : )k;+ <1—|—\/kTTCOSQQ sinf; —4/1— = 7];+ cos 61 (5.16Db)
_ kT +qt) . 7
(pp—Fk1)? =26 Epk :—( 5 9 )k 1—\/%c059251n91— 1— kq?ﬁ cos 01 (5.16¢)
B k-‘r + + B 2
(pb—kg)Q:—beEbk2 :—< 5 g )k: 1—1—\/%00592 sin 6 + — kqiﬂr cos 04 (5.16d)

(q+k1)? = 46, Ea&y By — 26, Eoky — 26, Epky =

Jh-kF 2¢-qF + k" + ktq- cos 05 sin 64

2 kto~ — kgt
/1= i]T — a — q —cos b |,
k=kT2¢q qt +k—qt +ktq

(5.16¢)

1 2%k kT + kgt +ktq™
2(2qq++k’q++k+q)<1— il T

(q+ k2)? = 4, Eobp By — 264 Eoky — 26, Epky =

1 2k kT +kTqT + kg
2(2qq++kq++k+q)<l+ ar M cos B sin 6

VEk=k+t2¢ ¢t +k qt +ktq

a7 ktq~ — kg
—1/1-= cosb |,
k=k*t2¢ q" +k—qt +kTq

(5.16f)

Mn this and following sections we use 'propagator’ to call the combination of the two momenta [(p; & kj)2]”, i=a,bor
q, 7 = 1,2, no matter if the power n is positive or negative, since either way we will have to integrate over this structure.
We also use ’propagator’ and ’denominator’ interchangeably, assuming that the power of the denominator in the squared
matrix element can be negative (which corresponds to propagator power being positive)
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(P — F1)? (pa — k2)? (po — Fk1)* (po — k2)? (¢ +ki)? (q+ k2)?
One den, Two den’s, Two den’s, | Two den’s, | Two den’s,
(pa — k1)? massless Separable | both massless | both massless | one massive | one massive
(5.18) (5.224)) (5.221)) (5-234)) (5.231))
One den, Two den’s, Two den’s, | Two den’s, | Two den’s,
(pa — k2)* | Separable massless both massless | both massless | one massive | one massive
G.19) (.221) (5.223) Gz | (B23a)
Two den’s, Two den’s, One den, Two den’s, | Two den’s,
(py — k1)? | both massless | both massless massless Separable | one massive | one massive
(5.22a)) (5.221)) (-19) (5-230) (5.23d)
Two den’s, Two den’s, One den, Two den’s, | Two den’s,
(py — k2)? | both massless | both massless | Separable massless one massive | one massive
(5.221)) (5.224)) (5.19) (5.23d)) (5.23c)
Two den’s, Two den’s, Two den’s, Two den’s, One den,
(¢ + k1)? | one massive | one massive | one massive | one massive massive Separable
(B-234) (5-231) (G239 (B-23d) (20
Two den’s, Two den’s, Two den’s, Two den’s, One den,
(¢ + k2)? | one massive | one massive | one massive | one massive | Separable massive
(-231) (5.234) (B-23d) (239 (20

Table 5.1: Possible combinations of propagators, number of unique denominators (den’s), their type and corre-
sponding master integrals.

k=™ +4q~

k++ +

where we have used that £, and &, are put to an

2F,

2E,

respectively by the delta function

in Eq..

Propagators, such as (p, + pp)?, are not included in this list, since they do not have an explicit
dependence on k1, ko and therefore on the angles. These propagators are not of interest in this subsection.
However, certain propagators, such as (p, — k1)?, present specific challenges that will be addressed in
subsequent sections.

Possible functions of propagators and their integrals

In certain Feynman diagrams, the matrix element squared can involve up to four distinct propagators,
each appearing with different powers in both the numerator and denominator. This subsection outlines
the method for handling up to two distinct types of denominators. The procedure for reducing the
four denominators to two through partial fraction decomposition is described in detail in the following
subsection.

The primary challenge arises when dealing with two denominator propagators. Specifically, integrals
of the form (1 — B; cos ¢sin @ — B cos @) =91 (1 + B; cos ¢ sin  — B cos §) 92 for non-zero positive j; and jo
are non-trivial to evaluate. To address this, we use the general solution for such integrals, as presented
in ref. [69]. All subsequent expressions for phase space master integrals in this work are drawn from
that paper and modified for our propagators.

Table provides an overview of the combinations of six types of propagators, along with references
to the corresponding integrals and/or the methods for evaluating them.

No denominators

Terms with no dependence on the propagators would be integrated over the k — kiko phase space in
the following way:

C/ APk—skiks _
2

where C' is some function of p,, p, and g, but not of ky or k».

2273 1 +1.— 2\—e)(3—2¢)
(%)Heﬂ(k k™ —q7)"Q =C

(4m)e 1 T(1-¢
(kThk— —¢3)¢ (4m)2 (2 — 2¢)’

(5.17)

One denominator, massless
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Label 'massless’ refers to the square of the p,, pn, vectors, which are derived from the combination

/ APl ko1 ko 1 _ / APr—ky ks 1
2 (den 1)J1(den 2)J2...(den N)in 2t (p1-q@) (p2-q)72...(pn - q)IN

where ¢" = (1,...,cos ¢sinb, cosd) and p/ ...p) are fixed vectors in D dimensional space as introduced
in ref. [69]:

1,0p—2,061),
(1 ))

Py = (1,
5 = (1,0p_3, Ba sin ' ,ﬁzcosxg
(1,

Py

()

Py = (1,0p—4, Bysin x” sinx§”, Bs cos x

sin Xgl), B3 cos Xél)),

N—-1
=(1,0p_1-n, BN H sinx, B cos Xy H sinx,- .., B cos x§ sinx, Bn cos xiy).

k=0

As an illustrative example, see

/ APk — k1 ks 1 _
21 [(pa — k1)1 [(po — k1)2)7*

here

[(pa — 1)%]" = —

Ji
(k" +47), + qr . 4t
~ 1T 7 1 . Q Q 1 _ “
> k e cos ¢ sin 6 + R cos

kK +q), " :
= {(Zq)kﬂ (p2-q)"*,
qr a7
where ph = (1, 0,...,0, W, — k—fc +>. Finally, a simple calculation shows that p3 = 0. Similar

conclusions can be made for [(p, — k1)?]”
"Massless’ propagators include: (p, — k1), (pa — k2), (pp — k1) and (pp — k2):

/déf)k—ﬂ@lkz 1 _ / d¢k—>k1k2 1 -
2 [(pa — Fk1)? 2 [(pa — k2)?

(4m)< 5 1 T(1—-j—¢

(_WM (KT (k™ +q7)] "’ P TR e (5.18)
/ APk—rkyks 1 _ / APk sk ks 1 o
2 (pp — k1)?)’ 2 (py — k2)?)’
i (4m)e - - 1 TA-j-¢
(-1) (Gaeern [k~ (k' +q7)] G ETE 20 (5.19)

One denominator, massive

Similar to the massless case, 'massive’ denominators are defined as ones in which vector p has a non-zero
square. These propagators are: (g + k1)? and (g + ko)

/d(bkﬂklkg 1 _ / APr—si1 ks 1 _
2 (g + k)2 2 (g + k2)?’

i (4m)e (K™ +q")at R B T o R
1) (/ﬁk‘—q%)e{ ket —at (k4T (4m)2T(2 — 2¢)
con (J g e - O i)
(k—qt +q (kT +2¢™))

(0]



where 5 F} (a,b; ¢; 2) is an ordinary hypergeometric function, which is defined as power series for |z| < 1:

2Py (a,byc2) = ) Lt

n=0

where (a), is a Pochhammer symbol, also known as a rising factorial:

)1, n=0
(@) = ala+1)(a+2)...(a+n—-1), n>0.

Separable

Cases labeled ’separable’ can be separated into terms with one denominator. For example, for j; =
1,jo = 1:

(Pa — k1)?(pa — k2)? - (pa — k)2 ((Pa “ k)2 + (e — k2)2) . (5.21)

It is possible to reach similar conclusion for ji,js > 1 by applying separation procedure recursively. For
example:

1 ! < Lo ) 1
(pa — k1)2 [(py — k2)2]>  (Pa —K)? \(pa — k1) (Pa — k2)? ) (po — k2)?

_ 1 ( 1 n 1 )+ 1 1
(e — PP \@a— k02 (0~ k2)2) " (= R [(po — k)?®

Two denominators, both massless

Full master integrals for two 'massless’ denominators are thus:

/d(bk:—)klkzz 1 , :/d(ﬁkﬁlmkz 1 _
20 [(pa — k0" [(po— o) 2 [(pa — k2" [(ps— ko)
(1) g I )] [ )]
I PQ-j-9l-ja=9 (. . &
T ore g (i e ) G2

/ APk sk ks '1 __ / APk—ky ko ‘1 _
21 [(pa — k1) [(po — k2)?) 21 [(pa — k2)2 [(pp — k1)?)?

G (F4 G )] (k)

1 TA—-41—¢I'(1—752— 2
IR E)zFl(jl,jz;l—e;l— e )

(_1)j1+j2

“ GmET(L— L2 — 1 — jo — 2¢) ke kT
(5.22b)

where j; and jo can be any integer number, both positive and negative.
Two denominators, one massive:

The master integrals for massive cases include Appell functions of the first kind Fj(a, by, bso; c; 21, 22).
These function are defined for |z| < 1, |y| < 1:

(a)ern(bl)m(bQ)n
F b1. by c; = E m,n
' <a7 pomesy Z2) m,n=0 (C)Tn‘i‘nm!n! A1 %2
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Relevant master integrals are thus:
/ APrk—ky ks 1 _ / APrk—ky ks 1 _
2r (g + k1) [(pa — k1)?) 2 (g + k2)?" [(pa — k2)4)

(4m) [(’f* +4q")ar 1 T(l-j2—¢
(kThk— —g2)¢ kt (4m)2 T(2 — jo — 2¢)

(=1)71H2 —q" (k™ + q‘)} - KTk~ +4¢7)] 7"

XF1<j171_j2_671_j2_672_j2_267

R (VAG T ) 6+ aN) @G+ (g —hah)? + kgt + a7 (k4 24))
1—
2ktqt (k= +q7) —2(kT +q¥) ¢
(VA F ) B+ a) G+ (g — kg2 +k g +q™ (k" +2%))
1— .
2ktqt (k= +q7) —2(k* +q*) g3
(5.23a)
/d¢k—>k1k2 ‘ 1 ‘ :/d¢k—>k1k2 ‘ 1 _
2 (g + k)" [(pa — k2)?) 2 (g + k2)?” [(pa — k)%
o Ar)e k4 gt (ktq +¢2)1 " iy 1 T(—ja—oe)
(_1)J1+J2 +(72 — _( )(Jr T [k+(]€ +q )] J - ( — -27
(ktk q7) k (4m)2 (2 — jo — 2¢)
X F1<j171—j2—6,1—3'2—672—]'2—267
B (VAG T ) T +aN) @G+ (WTa — ka1 + kgt +q7 (k4 2¢))
1—
2(kT +q7) (kTq™ +q7)
* (—\/4(147 +q ) (kT +qt) g2+ (kTq —kq")2+k q"+q (kT + 2q+))
1 .
2(k* +q*) (kg +q7)

(5.23b)

/d¢k—>k1k2 1 A :/d¢k—>k1k2 1 L
2 (g + k)" [(po — Kk1)?)”° 2m [(a + k2)2)" [(po — k2)?)

ditia__ (4T)° (k™ +q)ar  _ o L 1 T(l—ja—e)
1 (k*kq%)f{ = (k++q+)] [ (" + a7 (47T)2F(2*j22*26)

XFl(jlal_j2_€71_j2_€a2_j2_2€a

- (\/4(16* +q7 )kt +at)gr + (kg™ =k q")2+k q" +q7 (k* + 2q+))
2k=q (k* +q*) —2(k~ +q¢7)qF

- (—\/4 (k= +q ) (kt +q") a7 + (kg™ —kq")2 +k q" +q (k" + 2q+))
2kq~ (kT +¢%) =2(k~ +q7) 67 )

1—

(5.23¢)
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/dfﬁk—mlkz 1 L / APk —sk1ks 1 _
2 [(q+ k)" [(po — K2)?]"° 21 [(q+ k)2 [(po — K1)?]”°

vt (4m) ) E e a1 T —ja—¢)
(=1) (k+k——q%)f[ k— ] [~ (" + 7)) (4m)? T'(2 — j2 — 2¢)

><F1<j1,1—j2—671—j2—6,2—j2—26,

k™ (\/4 (k=+q ) (kT +qt)gp + (kTq —k—q")2+k q" +q (kT + 261*))

b 2(k= +q)(k=q* +4q7)
k™ (*\/4 (k= 4q ) (k" +q*)gh+ (kTq~ —k—q")2+k q" +q (kT + 2q+))
b 2(k=+q7) (k~q" +q7) )

(5.23d)

Levi-Civita terms

Some of the integrants have terms proportional to e#*“Pk; ko, paapps = €¥1F2PePo which create some
trouble during angular integration.

In this subsection we will explain how we deal with these terms and why they do not play a role in our
computation.

Physical reasoning:

As discussed in the previous subsection, in the k rest frame, the momenta k}' and k% depend on D — 2
angular variables: 01,0,...,0p_o (see Egs. (5.14a) and (5.14b)). The momenta p# and p) can be
boosted into the k rest frame, taking the same form as npoosted in Eq. and Tpoosted 1N Eq.,
respectively.

As shown in Egs. and , both vectors have at most two non-zero spatial components.
As a result, their contractions with k; and ks lead to a final expression that depends only on two angles:
01 and 6. This is the case that we see in the propagators in Eq.—.

However, the Levi-Civita tensor e*”??p,,py,k1, resides in the space orthogonal to both p, and ps.
As a result, it must include a non-zero third component, which, when contracted with ks, introduces a
new angular variable, denoted as 63 in the cos 3.

Although 63 appears in the system, its contribution vanishes upon integration over this angle:

//f(al,og)/ dfs cos O3 sin 172 03 = 0. (5.24)
0

This means that the contribution from the angle 63 does not affect the final result. Since the only
object where the dependence on 03 can appear in is the Levi-Civita tensor, its contribution would lead
to zero result.

Computation for four dimensions:

The contraction of the Levi-Civita symbol with four-momenta can be expressed as the determinant of
the momenta components:

Mot t o
va k k k k 1. 2),.(1 1),.(2
" hdapaapus = det |y Ty hy | = 5+ )+ g - V),

0 1 2 3
S

(5.25)

where the last step uses the definitions of the Oth and 3rd components of ki, ko, p,, and p, provided
earlier.

The 1st and 2nd components of k1 and k2 can be obtained by boosting k; and ks in the rest frame
of k along the directions corresponding to the vectors (0,1,0,0) and (0,0, 1,0), respectively.
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Using the transformations defined in subsection the boosted vectors take the following form:

(O) 17 07 O)boostcd = (07 ]-a Oa 0)7

qT k—kt
0507170 oosted — 305 30 .
( Jboosted (m k—k* — g2 )

Thus, the 1st and 2nd components of ki and ko are:

L0 _ VER —ap
m _

5 sin ¢ sin 6,
k?) = % (qT + cosqbsin@\/ﬁ) ,
k‘él) = w(— sin ¢ sin ),
k‘gz) = % (qT — cosqbsin@\/m) .

Thus, the contraction of the Levi-Civita tensor becomes:

1
ek1kzpapy — 5qT m sin ¢ sin 6.

Since sin ¢ only appears in the Levi-Civita contraction and is an odd function, its integration over the
angular range results in zero:

™ 2m
/ de d¢sin ¢ f(sin 0, cos ¢, cos §) = 0.
0 0

As a consequence, any contributions from terms proportional to e*1#2PaPv vanish after integration, leading
these terms to not appear in the final expression.

5.2.4 Partial fraction decomposition

From the Feynman rules, we observe that the matrix element squared can contain up to four unique
denominators. We have previously described the method for performing angular integration in cases with
up to two denominators. Here, we will briefly outline the process of simplifying the initial expression,
reducing it to terms that contain no more than two unique denominators.

In general, a fraction that has m variables {x;},z; = 1 and is factorised into a product of n terms
(denominators) can be partial fraction decomposed in the following way:

1 = ;
n m = Z n mcj ’ (526)
II < Mkifm) =1 ] ( Mkizi>

k=1 =1 k=1 \i=1

k#j

(2

n m
where Y~ > ¢;Mj;x; = 1. Using the fact that all variables {x;} are independent with respect to each
j=1i=1

n
other, it is possible to find values for the coefficients: > ¢; Mj; = Opmi-
j=1
The system of equations for this would look like:

ciMiy + oMoy + -+ - + ¢, My =0,

c1Mia + oMoz + -+ - + ¢y Mpz =0,
(5.27)

ClMlm + C2M2m +---+ CnMnn =1

Returning to propagators, it is useful to parameterize our angular dependence in the propagators
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using independent variables x and y:

(Pa — k1)

(Pa — k2)* = —
(pp — k1)* = —
(py — k2)* = —
(q+k)* =
(a+k2)? =

where we have written

N — N~

wkﬁ (1-2), (5.28a)
(k%_i_q_)k* (1+2), (5.28b)
@kf (-, (5.28¢)
Mkf (1+y), (5.28d)
(bt +k g7 +2¢7¢" —kTa(k™ +q7) — ky(kt +¢)), (5.28¢)
(bt +k q" +2¢ ¢ + kT a(k™ +¢7) +ky(kt +¢7)), (5.28f)

2

T = kirk+ cosfysinf; — /1 — ki]i];r cos By,
2
Y= \/%cos«%sin@l +14/1— ki]i];r cos 0.

We can now apply Eq.(5.26) to perform partial fraction decomposition on the combination of four
denominators, reducing it to a sum of four terms, each with three denominators. By repeating this
procedure, we obtain 12 terms, each with two denominators, which can then be integrated using master

integrals.
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5.3 PDF renormalization for double-real term

After computing the matrix elements squared, integrating them using master integrals and finally mul-
tiplying the results by the appropriate phase space measure given in Eq. , we get the integrated
contribution from the double-real processes at NNLO. However, these terms contain leftover infrared
divergences, which must be canceled in order to obtain a finite physical cross section.

To cancel these IR poles, we apply the PDF renormalization procedure according to the general

prescription given by the master formula in Eq. (2.40). Here, the bare NNLO cross section ohare (2)

i, ab
corresponds to our integrated and phase-space-weighted RR result for a helicity configuration ¢ and
incoming partons a and b, while the bare NLO cross section J?Zr; ™ represents the single-real contribution
that enters the convolution with the DGLAP splitting functions P;;. Specifically, the relevant single-real
helicity cross sections are obtained by integrating the NLO matrix elements over the 2 — 2 final-state
phase space, as defined in Eq. (4.74). The not yet integrated structure functions for the gg — V¢ and
qq — Vg channels are given in Eqgs. (4.55a)) and (4.56a)), respectively. The necessary splitting functions
used for PDF renormalization appear in Appendix [D}

As an illustration of the PDF renormalization procedure, we focus on the q¢ — Vqq channel. This
case is particularly simple in the context of PDF counterterms, as it involves the fewest single-real
subtraction terms.

The renormalized second-order partonic cross section for this channel is given by:

0 * 0 *
(2) ~ bare (2) ( )(Za) _bare (1) lpq(q)(za) _bare (1)

. P, X
Ui,qq(pmpb) Q) =0, qq (paapba Q)+EWTUi,gq (zapa’pb’ q) + c Tai,qq (Z;pmpb’ q)
a a

1P(0) 2 _bare (1 % 1P(0) z _bare (1 *
42 19a (* b)aiqu( )(pa,szb,q)wa aq (*b)o,izqe( )(pa,prb,Q),
€ Ab T € Ab ’

(5.29)

where the functions Pi(jo) (z) are the leading-order DGLAP splitting kernels, and A:, , are the correspond-

ing Jacobians from the collinear phase space mappings.

. . . . _bare (1 . . . .
In this particular channel, the counterterms involving &, Zre( ) vanish, since there is no single-real

process with two incoming quarks that produces a final state with only one additional parton. Therefore,
only the gg and gq channels contribute nontrivially to the subtraction.

With the vanishing 614(,1(1)(1 terms removed, the renormalized q¢ — Vqq cross section simplifies to

P

) —————
a
e

¥
ZaPa

I =z plO)
P L,

}O 000

-

(0)/ (0)(

(2 . bare (2 1 Pyy’ (%)) _bare (1), « 1 Pyq’ (2) _bare (1 .

612 (Paspyyq) = 6y ¢ )(pa,pb,q)+27"qA(* “)ai’;’(f( N(25pa prq) + 27’2(* ’ )Ui;ze( )(pa, 225, 9),
a b

(5.30)

where to help visualize the structure of these terms, we use colors to separate the two main components
of each counterterm both in the Eq. (5.30) and in the figure above Eq. (5.30):

e In red we show the splitting function factors Pég)(z), which arise from PDF renormalization and
represent the collinear emission probabilities for partons inside the proton.

e In blue we highlight the single-real matrix elements, 51(71;(1 and 5%)9, evaluated with rescaled mo-
menta due to initial-state parton momentum fraction shifts Zg b

So each term in the subtraction corresponds to the convolution of a splitting function with a lower-order
partonic cross section, capturing the collinear structure that must be absorbed into the PDFs to ensure
that the physical cross section is IR finite.
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As a specific example, consider the helicity channel 4 = 0. The terms entering the counterterms are:

1PW(z2) 1
e Ar 2E2

L4 (6% (A0gqval | MG T [0) (apas 20, ) )

(1)
%i.9q

0)/ =
}Pg(q)(zz) 1
e Ay 2EZ,

L (6?) (dbagorva (MG [0) (s 2ip0,a) )

=(1)
%i.qg

The corresponding helicity matrix elements squared for the single-real processes in D = 4 dimensionﬂ
are given below. These expressions are rescaled by the momentum fractions z; and z;, and the kinematics
is expressed in terms of massive Mandelstam variables as defined in Chapter [£.4}

RO12, o« D=4
|M(gz)ﬁZq|0(2apa7pb7q) = CACFQEQ%(G’?—'_’U]%)
—25(Q% —w) (t(3s + 2u) + (25 + u)?) + s25%(Q + 5)? — 2t(Q? — u)?
X

(@ W) (@ 1) (5.31)

ML 2 (Pas 206 0) =" CaCrgo% (a2 + v3))
—23(Q% — 1) (u(Ss +2t) + (2s + t)g) + 527 2(Q% + 5)? — 2u(Q? — t)?
X
R (o2 ey

The relevant phase space factor, which here includes the averaging over the spins and color, is taken

from Eq. (£.73)f

(5.32)

_ _dk~dktdg dgtdgs 1
0agva = dbgamsve == e 4CA (C3 - 1)
x 0(q7)0(g")O(k™)0(kT)0(2E.—k™ —q7)0(2E,—k" —q™), (5.33)

where z; should be replaced by z; for the corresponding counterterm.
The leading-order splitting function entering the PDF renormalization is:

P () = 2Ll 4 1) o

Za

Finally, the momentum fractions and their corresponding Jacobians in terms of massive Mandelstam
variables are:

t
P B . (5.35)

A = —u, Af = —t. (5.36)

Taken together, these components form the full set of counterterms, which precisely cancel the infrared
poles in the ¢ = 0 component of the RR gg — V gq cross section. The same cancellation mechanism holds
for all other helicities and all the RR, channels as well, ensuring the infrared finiteness of the renormalized
result, as can be seen in Figure

2For the cancellation of IR poles it is sufficient to evaluate the NLO structure functions at D = 4. However, to ensure
full consistency, including effects from the ~5 prescription, the O(e) terms should be retained in the complete calculation.

3Note that the counterterm here corresponds to not only the partonic cross section &, due to the inclusion of the PDF
convolution measure in the phase space. However, the difference is only in normalization, so either form can be used as
long as consistency is maintained — and we have used the same phase space expression for all the R, RV and RR, so that
it is consistent.
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Figure 5.4: Cancellation of infrared poles in the double-real contribution across helicity channels i =
—1,0,1,2,3,4 for g¢ — Vqq channel. The blue curve shows the bare RR cross section &, @ as a func-
tion of the dimensional regulator €, while the red curve represents the corresponding counterterm contribution
from PDF renormalization. The green dashed line indicates the finite renormalized result 61(2), obtained af-
ter subtraction. The rapid drop of the red and blue curves and their near-perfect overlap confirm that the
counterterms cancel the IR poles precisely, leaving a finite remainder in the ¢ — 0 limit. Plots done for
pw=0Q = mz,qr = 10GeV,yz = 0,yx = 2,k* = 100 GeV, d®s = dktdk~dgTdg d¢? and without lep-
tonic prefactors.

5.4 5 scheme for double-real terms

Since we work with dimensional regularization for the RR terms, we also need to specify the 4® scheme
used in the calculation.

Choosing a consistent and well-defined scheme is important, since certain structure functions — par-
ticularly those proportional to vfas, such as W3 and W,y — are directly affected by the definition of »°
starting at order O(a?). These structure functions are among the main new results of this work, as they
had not been computed analytically before, therefore having a consistent treatment of v is as crucial as
it can get.

In general, any self-consistent v° scheme can introduce scheme-dependent counterterms into the bare
cross sections, both at LOs:

1 .
. bare,(2) . E |:Cl(pa7pb7Q)'(UJ2‘ + a’f") + 02(pa7pb7Q)'(U‘)2‘ + a?") + CX(paapba Q)'a?a 1€ {_1a 07 17 2})
Oix " (PasPos ) =4 {
—1d1(pa, Py, @) agvs] + d2(pa; o, ) -ayvs + dx (Pa; o, 4)-ayvy, i€ {3,4},
(5.37)
and at LOq:
~(1 cl Pa,DPbv,q) - (’U2 +a2 +€C/ (pa;pb;q 'a27 (XS _1707172 )
6B parprng) = § PP D 0F F ) Eecboma)ap, D€ } (5.38)
dl(paapbaQ) cafvuf + edx(pavp(NQ) CQfUf, (S {374}

Here, 6; x denotes the partonic helicity cross section computed in some specific v° scheme "X”. The
coefficients ¢y, ca, d1, do, etc., are general functions of the external momenta. The scheme dependence
enters at subleading order in ¢, affecting the finite part of the RR cross section through additional cx
and dx contributions and the O(e) R cross section through ¢k and d terms.

Note that these counterterms are different than the ones we introduced through PDF renormalization.
These ones are inherent to the v° scheme and are related to the modifications of the axial current in it.
In general, the counterterms cx and dx should be included in the explicit computation of the bare cross
section. However, as could be seen below, for the RR terms, their precise form is irrelevant, as these
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axial-current-related terms cancel between the RR and R contributions during PDF renormalization,
therefore only a consistent ¥° scheme is required. The only place where they could have a physical effect
is in the RV terms. But since we use spinor-helicity results from the literature, which have to already
include these counterterms implicitly, we do not need to track them explicitly.

In this project, we examined several different 7> schemes for the RR contributions, each with its own
set of advantages and limitations.
Our first approach was to use the naive anticommutation (NAC) scheme:

1. We assume that v° anticommutes with all other gamma matrices. Consequently, all Dirac traces
containing an even number of +® factors can be rewritten as traces involving only standard gamma
matrices:

Tr[,yﬂl,yliz,y5,y/i3 o ’7“2"’}/5] N Trhm ,yu27m . ,yuzn].

2. The traces with a single 4° and odd number of other gamma matrices are set to zero.

3. The problematic cases are traces with a single v° and an even number of other gamma matrices.
Using the anticommutation relation, such traces can always be rewritten as a string of gamma
matrices with a single 4° at the end of the trace. Finally, we replace the v° using the Levi-Civita
definition:

5771. abcd
T

VaVoVeVd- (5.39)
In processes where the hadronic tensor contains only a single fermion trace involving ° — such as in
qq — Zqq S-channel or T-channel diagrams with Q2 — this scheme preserves the expected coupling
structure, since the vector boson couples to only one fermion line. However, complications arise in
processes with two separate fermion lines contributing 4° traces, such as the T-channel ¢f — Zqq
diagrams with Q. Qg couplings. In such cases, it is not immediately clear why this scheme should still
reproduce the correct coupling structure proportional to v,vg + ayaq. Here we refer to the discussion
in ref. [23], which treats RR processes including the T-channel interference. There it is argued that for
certain fully finite RR diagrams (i.e. the ones that do not require PDF renormalization, so the T-channel
interference), the final result is independent of the 4° prescription, as long as the result preserves the
coupling structure. We observe that the NAC scheme preserves this structure. This implies that

eNAC (Pas Pbs @) = ¢Nac(Pa, Po, q) = 0.

While simple, this scheme is ultimately problematic, as it ignores subtle issues with the (anti)commutation
of v® under dimensional regularization. For example, in the computation of RR structure functions W
and Ws (~ vyay) — which should vanish after phase space integration, we found that the squared ma-
trix elements contain explicit e-dependent terms. In diagrams like the T-channel q¢ — Zqq with Q2
couplings, these € terms can combine with 1/e poles from master integrals, resulting in spurious finite
contributions, which are not canceled even after the PDF renormalization, since NAC scheme produces
diac = 0 in single-real cross section. Therefore and moreover, this scheme lacks a principled way to
predict the scheme-dependent terms dnac that appear in the vyas-type structure functions. As such,
its use in there structure functions beyond leading-order in € is not well-justified.

Next, we turn to the Larin v° scheme [70], which we adopt in our current analysis. In this scheme, v°
does not anticommute with the other Dirac matrices. Instead, any occurrences of 'y,ﬁ5 in the axial-vector
currents, before they even appear in traces, are replaced by

Ty’ = ée,wpw”vpv"- (5.40)

Note that this scheme computationally is much more time consuming, as it increases the amount Dirac
gamma matrices in the traces.

Importantly, this scheme leads to explicit non-zero values for the scheme-dependent terms cy,, ¢f,, and

potentially also for dy,, df . However, both sets of terms in RR and R originate from the same the modified

treatment of axial currents and as a result, they cancel once inserted into the PDF renormalization master
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Since the combinations of ¢, and ¢, cancel, this scheme reproduces the same results as the naive anti-
commutation scheme for the structure functions proportional to UJ% + a?c. In the NAC, the correctness
of these terms is ensured axiomatically by construction, so this agreement provides a strong consistency
check for the Larin.

As an example of the LO; ’M,(J?j{zq
scheme see the following expression:

’3 contributions in D dimensions computed throught the Larin

, Q%+ )%+ (Q* — 1)
M 00,7 = =0 (0} + e g =
(u— Q%) (u(6s — Tst — t2) + 2s(s? — dst + 1) + 4u?(2s + t) + 4u?)

3st(Q* — 1) (Q* —u)

2 Su((Q2 + 5)2 + (Q2 — t)Z) +U2U(Q2 _ u)
T s(@-1)(Q2—w) 7@ —1)

+€-9L0,,D a?

+0(a2),

S

(5.41)

where gr.o,,p = 2CaCF g2(u) g%. Of course since we have only singular poles in the PDF renomalization
master formula, we do not require to know the €2, €3, and €* terms in the D-dimensional LO;.

Moreover, the Larin scheme correctly produces vanishing results for the W5 and Wy structure func-
tions, implying that di, — dj, = 0 for ¢ = 5,6. However, we currently lack a full cross-check for the
remaining helicity cross sections. In particular, there is no axiomatic argument to confirm that the
combination dr, — df, produced for the vyay terms is correct in all the cases. Still, the fact that the
Larin scheme agrees with NAC in the cases where the latter is expected to hold — i.e. in reproducing the
’UJ% + a? structure functions after including PDF renormalization counterterms — provides a meaningful
partial check.

If we had access to an additional, independent scheme X that produced both

di, —dy =dx —dy and ¢, —c}, =cx —ck,

we would then have stronger evidence that the Larin scheme gives the correct finite contributions and
can be used for all structure functions.

Finally, we briefly outline another (not yet implemented) «° scheme based on local, process-defined
reference vectors. The idea is motivated by the fact that Lorentz invariance is explicitly broken in fully
differential helicity cross sections by fixing external momenta p,, py, and ¢q. This allows us to define

7P =iy =ity

where {t,x,y, 2z} form a local orthonormal frame constructed from external momenta. A natural choice
is the Collins—Soper basis already used in our projector definitions. In this setup, axial currents reduce
to products of three gamma matrices, e.g., © - J, ~ zfy;f

This definition can be applied consistently at both LO; and LOs, as it depends only on external kine-
matics. Compared to the Larin scheme, it avoids explicit €,,,, tensors and simplifies the Dirac algebra,
at the cost of introducing explicit dependence on the CS basis throughout the calculation.

If this prescription can be implemented through the LOs master integrals and shown to produce fi-

nite, PDF-renormalized results matching those of Larin, it would provide a strong check of scheme-
independence.
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5.5 Obtaining the non-singular remainder terms

In the previous Chapter [4] we described the derivation of the second-order hard function using the
massless spinor-helicity formalism, which provides all the ingredients needed to compute the singular
part of the full Drell-Yan helicity cross sections. In the following Chapter [5] we covered the computation
of the fully renormalized set of real-real helicity cross sections. The final step in assembling the full cross
section is to extract the non-singular contribution from the RR results.

In this section, we describe the expected behavior of the full RR cross sections in the k2 — 0 limit
and explain how the non-singular part is isolated using the subtraction defined in Eq.:

~non-sing & full, RR

GO (D poy 4, K, 1) = 61 T (D Doy @5 K 1) — 65 (B P 05 K7 1) (5.42)

k2>0

The expected behavior of the RR cross section in the k2 — 0 limit is given by the singular factorization
formula in Eq.(2.86)), evaluated at finite k2 > 0, as discussed in Section m

A~ sin ~ ~ as( )
O—zabg(paapba%,u) o~— ~+ Z (£)1, VV/( Hz(%/)vlab(paapbaQ)(S( )(k ayk) + J((lgb (k2))>

pb vv!

k2>0'
(5.43)

k2>0 2p;

In this expression the soft and jet functions at finite &2 could be obtained from Eq. (2.81)), (2.82),(2.83)
and (2.84)) by implementing the following rules:

In" k2
6|, 0 and  Lu(K>0)= HkQ .

(5.44)

We now go through the different partonic channels and write down their expected singular limits based
on SCET V + jet factorization.

We start with the channels that do not have a singular 1/k? contribution in the k? — 0 expansion,
namely, those without a corresponding single-real process in that limit. These are the gg — Z¢g and
qq — Zqq channels. In our results, we indeed find that these channels are free of 1/k2-type divergences,
meaning their full RR contribution is already non-singular:

non-sing ___full, RR
. = 0. .
i,99/99 i,99/99

Next, we consider channels that do contain a singular piece, specifically, those with single-real counter-
parts at k2 — 0. For the ab = ¢ case, which includes both ¢ — Zgg and q¢ — Zqq, the expected
small-k? scaling is:

1 as (1) _ |
557 Ly - qul(pa,pb,q)(séé)( 7yk)+=]((;q)(k2))

k2>0’

where H, ( )_ is the first order hard function defined in Eq.(4.75)), for which the squared matrix elements

are given 1n Eq.(4.56a). Soft and jet functions can be obtained from Eq.(2 and - 2.84)) by applying
the rules in Eq.(5.44).
For the inclusive helicity cross section in light-cone coordinates, the explicit form of this limit becomes:

(@2 4 02) L0 Cr 1 (g D24 a )+ (0 (kg
ZVT TR An? Cak® 2dk—kt (k- + ¢ )2 (kT + q+)?

x (—12(Ca — 4CF)log (k*) + 12(Ca — 2CF)log (k™ k') — 11C4 — 48CF log(p) + 4nsTr)
(5.45)

where we omit the leptonic prefactor, the phase space integration measure dk™ dk~ dg™ dg~ d¢2, and
the relevant theta functions for simplicity. Term proportional to ny will be corresponding to the k2 =0
scaling of the q¢ — Zqg channel, while everything else comes from qg — Zgg singular terms.

A similar analysis applies to the gg — Zqg channel:

1 O‘s(,u) 1)/~ =
g iy quz,(pa,pmq)(S(S?(kQ,yk) Jé(;q)(k2))

k2>0
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Figure 5.5: Singular-non-singular comparison for the qg — Zgg process, showing how the prediction from the
singular part of the RR helicity cross section approaches the full result in the k> — 0 limit. The difference
between the full and singular contributions defines the non-singular term, which scales as O(1). Each panel
corresponds to a different rapidity cut yr = 0,2, 5, with transverse momentum gr = 5 GeV and gr = 20 GeV.
Plots done for it = Q = mz,qr = 10 GeV,yz =0, d®s = dkTdk~dg"dg~dg¢? and without leptonic prefactors.

where Hi(lgg is also defined in Eq.(4.75)), and the corresponding squared matrix elements are given in
Eq.(4.55a)).

Explicitly this expressions is:
Loow(@? Cr 1 (¢ (k +q) + (K (k +q) +k (K +q")
2E2, 4Am? C% -1k 8k (k= +q~)* (k+ + ¢*+)°
x (4(2C4 + Cr)log (k*) — 8(Ca + Cp)log(p) — 4Calog (k™ k™) — 3CF) . (5.46)

97 (a} +})

The comparison between the full RR helicity cross sections and their expected small-k? behavior
predicted from SCET is shown in Figure As seen in the plots, the full cross section smoothly
approaches the singular prediction in the £ — 0 limit, and the difference between them defines the
non-singular term, which scales as O(1) in k2.

The plots exhibit numerical instability at small values of k? (around 107° GeV?). At this scale, the
difference between the full and singular contributions begins to misbehave due to numerical cancellations,
essentially, we're subtracting two large, nearly equal numbers, which leads to a loss of precision.

Since the singular behaviour is known analytically, the sensible approach is to define the nonsingular
remainder by subtracting the SCET-predicted singular limit from the full renormalized cross section,
and to impose a lower cutoff at k? = 10~° GeV? when performing numerical integration.

To estimate the numerical error introduced by this cutoff, we can compare the nonsingular and full
contributions to the partonic cross section at k? = 107> GeV?. This gives a relative error estimate of
order 10~7 for gPon-sing /ofull hefore convolution with PDFs. An alternative approach is to analytically
expand the full cross section in powers of k2, subtracting only the 1/k? singular piece (which we verified
matches the SCET prediction).
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Chapter 6

Comparison with previous results in
the literature

In the previous chapters we have shown how we derive both the singular and non-singular pieces of the
full partonic cross section. Here we will discuss the main comparisons with literature that we did.

6.1 Cross-checks and Comparing with literature

To make sure our results are reliable, we carried out a number of internal consistency checks throughout
the calculation: these are checks within our own framework, comparing different methods for computing
the same quantity. Later in this chapter we also compare our results against known expressions in the
literature.

Internal cross-checks

e Spinor-Helicity vs. Feynman Rules for Single-Real Structure Functions

We independently computed the single-real structure functions using both spinor-helicity methods
and conventional Feynman rules in four dimensions. For each channel and all non-zero structure
functions, the results agree exactly.

e (numerical) Spinor-Helicity vs. Feynman Rules for Double-Real Structure Functions

For the double-real contribution, we performed a numerical comparison between the spinor-helicity
and conventional Feynman methods by evaluating squared matrix elements at selected phase space
points. This was done for all five partonic subprocesses. We checked not only the total squared
amplitude (summed over all diagrams in a given process), but also decomposed contributions from
individual kinematic channels — specifically T-channel, S-channel, and interference terms. In all
cases, the results from both methods fully agree numerically.

As an additional check, we directly constructed the full differential cross section at fixed phase
space points. On the Feynman side, we computed the squared hadronic matrix elements, combined
them with the known leptonic prefactors and spherical harmonics, as in , obtained the full
result and evaluated it numerically. On the spinor-helicity side, we did not decompose into Z-
helicity amplitudes, instead, we squared the full lepton-full amplitude Agy; directly and summed
over all helicities. The two results agree numerically up to an overall sign in the agvy terms.

¢ Born-Level Comparison
Although not included in the main text, we also repeated the Born-level computation using both
spinor-helicity and Feynman rules. The (1 + cos? §) term (from Wj) matches exactly between the
two, while the parity-odd cos € term (from W,) shows the same sign flip.

e Counterterm and Renormalization Checks

We confirmed that the PDF counterterms from Eq. correctly cancel all e-poles in the RR
structure functions for every channel. At the same time, we checked that there’s no leftover vg
or In4m dependence in the cross section after renormalization, as these are properly removed by
using the correct form of the MS coupling in Eq. (2.7). Finally, we checked that the W5, Wg and
Wy from RR results are zero after integration and renormalization.
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e Collinear and Soft Limit Checks

To test the behaviour of our result in singular limits, we first looked at the collinear limit of
the inclusive structure function before phase space integration. We compared it to the analytic
expression in Eq. (2.8) and Appendix B of ref. [71], which helped us identify and fix missing ghost
contributions early on. After the inclusion of the ghost contributions our results for all channels
agreed with the limit. We also verified the soft limit (k% — 0) of the integrated, renormalized cross
section, comparing it to the SCET prediction from Eq. (2.73)). The result matches, as shown in
Fig. [5.5] and discussed in the previous section.

Comparing with literature
We performed several comparisons with existing results in the literature to validate different parts of our
calculation.

e Single Real Emission

We compared our conventional-Feynman-calculated single-real structure functions against the ex-
pressions in [16], as well as the inclusive results in [23] and [48]. For the process qg — Zg, our
helicity matrices squared \M((IZ)L,RZQM' (shown in Eq. (4.55a) for ¢ = 0,incl, 1,2, 3) agree with the
expressions on page 12 of ref.[16], up to an overall factor of 4 g2 g% C4CF, assuming ay = vy = 1.
This factor reflects couplings on the [16] side that were not included in our comparison. For i = 4,

the agreement holds up to a sign flip: the factor becomes —4 g2 g% C4CF.

S

Similarly, for ¢q¢ — Zg, our results |M(1)’R | (Eq. (4.56a)) match the expressions in [16] for

q93—2g
1 = 0,incl, 1,2, again up to the same factor. The i = 3,4 components agree up to the same factor

with an extra minus sign.
e Absorptive Part of the NNLO Cross Section

We compared our absorptive RV structure functions (calculated using spinor-helicity and shown in

Egs. (4.59a))-(4.59¢))) with results in [16] and [27].

For qg — Zq (with ay = vy = 1), the agreement with Appendix B of [I6] (page 34) is as follows:
— 4 =>5: up to 32v27 aj 9% C4Cp
— i =06: up to 167 asg3 CaCr
—4=7:up to 4/or ozsg% CuCFr

For ¢@ — Zg (with ay = vy = 1), the comparison is:

— i =5: up to 32v27 o g% CyuCr
— ¢ =26: up to —167 asg% CyuCr
— i =7 up to —4v2m ay g% CaCr

In contrast, the comparison with Egs.(21-26) in [27] gave more consistent results. For both ¢qg — Zg¢
and qq — Zg, we find:

— i = 5,6: agree up to 8asvsasg? g3 CaCr (without coupling normalization), or 16 (with
coupling factor gqg:i, gqg;: from [27] included).

— 4 =1T7: agrees up to 4 (a? + UJ%) as g2 9% CaCp (or 8 with coupling gyg:is Gqg:i)-

The slight mismatch in overall normalization may be due to a different but equivalent parametriza-

tion of the lepton angular distribution in [27], which could introduce an additional positive factor.
. Hi(jc)l, . (IR-Finite Terms in RV Structure functions) Comparison

We also compared our inclusive IR-finite RV terms, computed via spinor-helicity, with the hard

functions in ref. [48]. These matched exactly, up to a universal overall positive factor common to

both the ¢g and gg channels.

e Inclusive IR Real-Virtual Pole Structure

Although we do not rely on explicit pole structures in our RV calculation, we extracted the inclu-

sive Z-helicityamplitudes for the IR-divergent part of the full RV amplitude Aé:c)hv in Eq.(4.15)),
combined tham into the inclusive cross section and compared it with the divergent terms in RV
contribution from ref. [23] (Eqs. A4, A5 for qg — Zq, and A7, A8 for ¢q¢ — Zg). The results agree

exactly, including the normalization.
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e Inclusive Top-Loop Contributions
We also verified that our results reproduce the inclusive top-loop contributions (Egs. A6 and A9
in [23]) in the limit 1/m; — 0 for both channels, up to an overall sign.

~ sing

® Gincl, ab without leptonic prefactors

We also compared our fully assembled inclusive singular cross section c}isflrclﬁ ab
prefactors) with the IR-finite singular in sy = k? — 0 terms in Eq. (2.12) of [23] for both gg and
qq channels. We first compared the terms involving plus distributions, which in [23] arise from the
real-real singular contribution. These matched exactly with the corresponding plus-distribution-
dependent part of the second line in our simplified SCET expression (Eq. ) We then compared

the §(k?) contributions, which had initially some differences with the expressions in ref. [23].

(excluding leptonic

In reviewing Eq. (2.12) of [23], which gives the expressions for the qg — Z¢ channel, we identified
several typos: the second line of Eq. (2.12) appears to be missing the C’gG term, which should
appear without any (s2) factor. Moreover, both C9¢ and CZ“ should multiply d(s;). Additionally,
the coefficient C’SG is missing a factor of ns, the number of active quark flavors. This is inconsistent

with how B is written and leads to incorrect cancellation of the single poles. The corrected
structure should read:
8(s2)(B1 4+ Banyg + Cy + Cany),

and the term in the third line originally labeled CZ“ should be relabeled as C’gG, appearing without
a delta function.
There is also a mismatch in the mass dimensions on both sides of the equation. The denominator
(27p2)2@ should in fact be (27pu)?@. As for the term-by-term check:

— BgG and BgG are correct and were checked independently: both using the spinor-helicity

methods described in this thesis and by our collaborator using Feynman rules.
— Bi’G, however, contains a sign error. Specifically, the last four lines of Eq. (A4) — the terms

not proportional to A% — appear to have the wrong overall sign.

With the corrected signs and structure, we find complete agreement.
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Chapter 7

Conclusions

In this thesis, we analytically computed all partonic helicity cross sections &; qp(pa, Pp,q) for both
charged and neutral-current Drell-Yan production in unpolarized proton-proton collisions at finite trans-
verse momentum (gr > 0). From these results, it is possible to construct the angular coefficients A;,
defined as normalized helicity cross sections, which capture the angular distribution of the final-state
leptons and serve as precise probes of electroweak structure and QCD dynamics.

To handle the infrared divergences in the soft and collinear limits, we used a subtraction method
based on the SCET V + jet threshold factorization theorem. This allowed us to cleanly separate the
singular part of the cross section 67,y from the finite non-singular remainder &;'5,~*"%.

The singular piece includes contributions from both real-virtual and part of the real-real terms, its
factorized expression at O(a?) is shown in Eq.. The only missing input from the literature was
the second-order helicity-projected hard function H, 2(1)},’ which we calculated in this work using a method
based on spinor-helicity amplitudes. This approach uses known massless NLO; spinor-helicity amplitudes
with vector boson decay into leptons to extract the Z-helicity dependence directly, isolating the purely
partonic part of the process into the Z-helicity amplitudes. These amplitudes are later combined into
the helicity-projected matrix elements squared, as shown in Section which when integrated over the
hadronic radiation give the structure functions which IR-finite terms have a one-to-one correspondence
with the hard function.

The nonsingular part, which contains only double-real contributions, was computed from scratch
using conventional Feynman rules. We used helicity projectors to extract the relevant structure functions
and performed a fully analytic integration over the hadronic phase space using a set of derived master
integrals. The RR infrared poles were removed using a master formula Eq. derived in this thesis.
The nonsingular cross section was then obtained by subtracting the predicted singular part from the full
renormalized RR result at k2 > 0 as described in Section

Finally, we organized the electroweak coupling factors using the diagrammatic method with Pysanka
diagrams (see Chapter [3]), which provides a clear and succinct way to structure the couplings at all orders
in strong coupling for a set number of incoming partons. This framework allowed us to consistently
assemble the full helicity cross sections.

Therefore, this work constitutes the first complete set of all nine partonic helicity cross
sections at O(a?), including both tree-level and loop contributions, fully differential at
qr > 0.

During the calculation we performed a wide range of cross-checks to ensure consistency: spinor-
helicity vs Feynman diagram comparisons, comparisons in known (soft and collinear) limits, and detailed
comparisons with the available results from the literature.

There are several directions this work can be extended to. First and foremost, we have not yet cross-
checked the full inclusive cross sections for the combined singular+non-singular terms. This should be
done to ensure the full consistency with the available results and their EW couplings in, for example,
[23]. Next, since our entire computation has been carried out in the gr > 0 region, we need to extend
the result to the gr — 0 limit. The procedure for doing this closely parallels the approach used in the
k? — 0 limit. For all structure functions W; with i # incl, 4, which start at O(a;) are power suppressed
at small gr when matched onto leading-twist PDFs [68], this constitutes the complete O(a?) result. The
total NNLO result for Wiy and Wy, which start at O(a?) and are leading and singular at small gr,
can easily be assembled by performing a differential g subtraction [24] 25] using their leading-power
factorization at small g7, which contains the O(a?) Born and all purely virtual corrections. Finally,
combining the full result with PDFs and performing the numerical integration over gy would then give
the fully differential over ¢ cross section do;/d%q.

Additionally, some of our intermediate results might have uses beyond this specific project: The
Z-helicity amplitudes we obtained allow us to study different scaling behaviors in various limits. In this
thesis, we focused on the soft limit, but it’s also possible to extract the (anti-)collinear behavior from the
same amplitudes. On more practical note, the master integrals we derived for the hadronic phase space
integration are quite general and can be reused in other processes with similar propagator structures.
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Main pipeline

Additionally, we provide a flowchart illustrating the step-by-step process of the project as well as the
intermediate checks. In black are the main calculations, in red are the checks and the blue box outlines
the scope of this thesis.

[RR]
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Appendix A

Feynman Rules

Here we present the Feynman rules which were used throughout this project. They are based on the
rules presented in ref.[61] [72] and implemented using Feyncalc [67] and FeynArts [73].

External Lines
/pz //Pf /pz /pf slm ﬁkw’

where u,(p), us(p), vr(p), and vs(p) are spinors for incoming/outgoing fermions and antifermions, and
et (k, \) is the polarization vector for an incoming gauge boson.

Propagators
a (fermion) p (photon) (W, Z boson)
}—»—J:/ /:vvvvvvvva /:\/vvvvvvvvlo/
(ip +my)dady s — G —i (gw - q,;;%)
p? —mj +ie q* +ic @ —mi +ie

where p = v¥p,, my is the fermion mass, and my € {mw,mz} are vector boson masses.

a (gluion) p — i0qb (QW +(€—1) “‘i”) — 10gp g kHnY +kYnH
k2 +ie k2 + e k-n
8 Y covariant gauge lightcone gauge n? = 0

¢ is the gauge parameter (£ = 1 gives Feynman gauge). In the lightcone gauge, n* is a fixed gauge vector.
In covariant gauges (e.g., Feynman or Landau gauge), the gauge-fixing procedure introduces unphysical
degrees of freedom, and it is therefore necessary to include Faddeev-Popov ghost fields to preserve
unitarity and correctly cancel the contributions of longitudinal and scalar gluon modes:

a (ghost) b iSab
[ »— L J

k2 + e
Vertices

f =i [en(£)1=7)
ten(f)(1+77)]

.9z
= —i5 (v —ay’)
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The QED vertex involves the electromagnetic coupling e and the fermion’s electric charge Q.

The charged current interaction via the W boson couples only to left-handed fermions and involves the
weak coupling gy = e/sinfy, where 0y is Weinberg angle. For quark transitions, the CKM matrix
element Vj; appears.

The Z boson vertex is expressed using vector and axial-vector couplings:

er(f) = Isy — Qpsin® Oy, er(f) = —Qpsin® Oy
e
v =I3; —2Qssin? Oy, ar = Iy, =,
f 3f Qs w / AN sin Oy cos Oy
where I3y is the third component of weak isospin, @ is the electric charge, gz is the coupling of the
Z-boson to fermions, e is the electromagnetic coupling, and 6y is the Weinberg angle.

B b A g
b
kl /
o — k )
2 2 _gsfabc |:ga5(k1 _kQ)’y _Zgg [fabefcde (gavgﬁé _ gaégﬂ'y)
k\ +95’Y(k2 7k3)a 5 +facefbde (gaﬁg'yé _ gaég'yﬁ)
3 Y c +g'ya(k37k1)5i| y y c +fadefbce(gaﬂg(§'y _ ga'ygéﬁ)]
1 f b’
»'p
! ; ] ! . be, !
P —igs (T 418 11 JUTUIVITY ge fabep'n
(\p’
el ¢

The 3- and 4-gluon vertices arise from the non-Abelian SU(3) structure of QCD, with f%*¢ the structure
constants.

The quark-gluon vertex involves the SU(3) generator 7%, and the ghost-gluon vertex is a result of the
Faddeev-Popov procedure in covariant gauges.
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Appendix B

Spinor Identities

In the Dirac representation v#, u = {0,1,2,3} and +° are

0_10 i_O(Ti 5_01
Tl 1) T 6t o) T T\ oo

Taking n!' = (1,0,0,1), from the Dirac equation pu(p) = 0, p?> = 0 we have standard solutions |p+) =
1£4°

5 —ulp): |
\/]?T p+e_7f¢p
1 +eitp 1 —/—
|p+> = = p — ) |p_> = = +p—i¢
V2 | VDT 2 | —V/pte i
preidr Vi~
where L )
i p-+tip
pt=p" Fp®, = B (B.1)
pp
For negative p® and p*:
|(=p)£) = ilp£) (B.2)

The conjugate spinors are:
1F7°

2

The additional minus sign for negative p° is included to use the same branch of the square root for both
types of spinors, i.e., for p° > 0:

= sgn(p’)[pL). (B.3)

(p=£| = sgn(p®)u(p)

((=p)x| = —|(—=p)£) = i(p£| (B.4)
Spinor products are defined as:
(pg) = (p—la+), [pal = (p+lq-) (B.5)
Extra signs for conjugation of the spinor products:
(p—la+)" = sgn(p’¢"){a + [p—) (B.6)
If there are several momenta p;, it is common to abbreviate
pit) = lif) , (pip;) = (i), [pips] = [is]-
A few identities coming directly from the definition of the spinor product:

(pq) = —(ap), [pq) = —Ilapl, (pp) = [pp] =0
[p|v* Ip) = (p|+*[p] = 2p"
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Completeness relations and a few results coming from it:

:I:’y5

1
p£)(p£] = ——p (B.7)
p = Ipl(p| + [p)[p| (B.8)
More importantly we get the following relations for the s;; variables:
1 5
(pa)lap) = 5Tx [(1=")pd] = 20 ¢ = 5o,
[(pa)| =I[pa)l = \/ISpql-
Charge conjugation invariance of the current, the Fierz identity and the Schouten identity are
[p|v*|a) = (a|v"|p] (B.9)
[p1v*|a) [kyll) = 2[pk](lg) (B.10)
(pa)(kl) = (pk)(ql) + (pl){kq) (B.11)

Momentum conservation

n
> pi=0,
i=1

which implies

n

> ljilik) = 0.

i=1

The following Feynman rules can be used for translating the physical spinors to the braket notation.

m#A0|h=41/2[h=—1/2

particle incoming u(p) Ip) D]
anti-particle incoming | o(p) (p| [p|
particle outgoing a(p) [p| (p|
anti-particle outgoing | v(p) Ip] |p)

The polarization vectors of an outgoing gluon with momentum p; are given in the helicity formalism by
a combination of two massless spinors:

S 1 N /71 )
,u(p, ) \/§<7“p>, ( )lt u(pm ) ﬁ[f/‘p]’ (B12)

where the r# is the reference momentum - an arbitrary massless spinor which must not be aligned with
pt. For each of the external states p!' it is allowed to choose different reference vector. Right choice of
the reference vector can greatly simplify the calculation, canceling many diagrams.

Another form of the polarization vectors, already contracted with the v* is as follows:

Y101 SRR - )l
£ (p.r) \/§<rp>7 £ (p.r) ﬂ[pr]- (B.13)
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Appendix C

Functions and Distributions

C.1 Plus Distribution

In perturbative QCD, partonic cross sections often develop divergences in the soft and collinear limits.
Plus distributions (also called “plus prescriptions”) provide a systematic way to regulate these singular-
ities, ensuring meaningful convolution with smooth functions. This chapter summarizes their definition,
properties, and applications.

A plus distribution is defined for a function f(z) which is less singular than 1/2? at  — 0 as:

] =t |10~ 0 +ae ) [ dnsiw)]. (©1)

Zo

where zg is the boundary of the plus distribution. For distributions supported on [0, 1], it is standard to
take xo = 1. Therefore if it is not stated explicitly, we will assume the boundary to be xy = 1.
The action of a plus distribution on a test function g(x) is:

/dx[f(x)hg(x):/ dx f(z)[g(z) — g(0)]. (C.2)
0 0

Several important plus distributions that appear in practice are:

In the next expressions, following the notation in [74], we denote dimensionless plus distributions as:

n o n n+1
Loy = 2@l (e gt ol e ith >0, (C.3)
T e—0 T n+1
L(z) = 9(@ = lim bla — 2 +4(x — e)x ! , with a > —1. (C.4)
xl-a L e—0 rl-a a

Shorthands for the distributions with dimensionfull arguments in one spacial dimension:

1 k 1 t
£n k7 7L‘n U ) En tv 2 = 7‘671 () )
(k, ) . (u) (t, 1) e e

a _1 a k a — 1 a t

Key properties of the plus distributions are:
e Linearity: The plus operation is linear: [af(x) + bg(x)]+ = a[f(x)]+ + blg(2)]+,

e Integral Identity:

1
/ dz [f ()]s = 0,
0

97



e Definiteness on Positive Domain:

In"

Lo(z>0)=—2 L%>0)=

T rl—a’

In QCD, plus distributions appear in partonic cross sections, splitting functions, and matching con-
ditions in effective theories. For example, the DGLAP (Dokshitzer-, Gribov-, Lipatov-, Altarelli- and
Parisi) splitting functions [30, B, B2] involve terms like:

4q(2) = Cr [(11’) (C.5)

14 22
P i ]
+
These singular terms regulate the divergence as x — 1.
Plus distributions help regularize divergent expressions in dimensional regularization. For instance,
in d = 4 — 2e dimensions:

(1—z)" 7= —%6(1 —z)+ L !

— T

} +0(e). (C.6)
N

This decomposition separates poles and finite contributions cleanly.

C.2 Distributional expansion

Some of the RR processes (i.e. S-channel ¢q¢ — Zqg with Z coupling to the outgoing fermion line)
introduce a collinear pole in the cross section due to the propagator k? = (k1 + ko)? diverging when the
sum of momenta k; and ks becomes small.
To extract the pole, it is possible to use the following distributional expansion for small € in dimen-
sional regularization:
1 oz = e"
=S e ()

€

n=0

where £, (x) represents a generalized logarithmic distribution.

98



Appendix D

PDF Renormalization

Similar to the renormalization group equation for the strong coupling, we can

write the anomalous dimension of the Parton Distribution Function (PDF) J k @
as given by the DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) [30, 31 £ 2€
32) evolution equation:
(1-2)¢
[e%s) n 2nr+1
0 as(p) a7 INAS n
ianfen =3 (S2) T [E X () e, o
w — 7y e 2 = z
n=0 j=1 P(O)
kj

where the splitting functions P,E;L)(z) encode the probability density for par-
ton j to emit or absorb another parton, transforming into parton k with a
fraction z of the momentum.

The splitting functions for different parton combinations depend on the
type of interaction and the order of perturbation theory. For example,
Pq(g)(z) describes quark-to-quark splitting at leading order, while Pg(g) (z) represents gluon emission from
a quark. Expressions for these factors are: They are given by:

Figure D.1: LO splitting
j — k with momentum frac-
tions & — (z€, (1—2)¢), de-
scribed by P,g;))(z).

Pq(g)(Z) = QCFQ(Z)qu(Z)7 Py(z) = (2£0(1 —2)—0(1-2)(1+2)+ 25(1 _ z)) _ {9(1 —2) 11'1;22 ] 7
+
PO (2) = 2000(2)Pyy(2), Pral2) = 0(1 — 2 -0

z

©
Pq(g)(z) =2Tr0(2)Pyg(2), Pyg(z) =06(1—2)[1 —22(1 — 2)],
P;g)(z) =2040(2)Pyg(2) + Bod(1 — 2),  Pyg(z) =2Lo(1 — 2) +0(1 — 2) [22(1 —2)+ y — 2]7

where [y = %C’ 4 — %Tpn ¢ is the leading-order QCD beta function coefficient.

Figure D.2: Leading-order parton splitting processes contributing to DGLAP evolution: Pég) (quark emitting
a gluon), Pq(g) (gluon splitting into a quark-antiquark pair), Pg‘f,” (quark radiating a gluon with the gluon entering
the hard interaction), and Pég) (gluon splitting into two gluons). Shaded blobs represent the hard scattering
process.

Higher-order corrections P,E;.L) (2),n > 1 refine these probabilities, contribute to higher-order as terms.
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For compactness, we write the convolution notation:

2nf+1

® P = / dz Z o ( >P<">(z). (D.2)

Using this notation, Eq. can be rewritten as:

2
pan £ ) = 25 ) 0 PO 4 (S2D) 10 PO 4 (). (03)

47 T

Analogous to coupling renormalization, our goal is to derive the bare PDFs. The bare PDF is
expressed as a combination of the renormalized PDF and higher-order corrections:

2nf+1

fli bare ey _ gl ey i <a2$)>n+1/ Z f[h] ( ) plo): bare
n=0

as(p)

f(,u) ® P(O)’ bare
4

e )+

(B2 s e s o) .

Since the bare PDF is independent of the renormalization scale, taking the derivative ud/du on both
sides and substituting the renormalization group equation for « gives:

B)
0 =u@f;£h] (& 1)

s ()
4

0
+ |:€f(u) ® P(O)y bare + u%f(ﬂ) ® P(O), bare

2
s 0
i (044;/1)) |:_60f(,u) ® p(0), bare 26f( ) QP (1), bare + u@f(u) ® P, bare:|

+0(a?). (D.5)
Solving recursively yields the derivative of the PDF:

0 ]
Na//é k

(€ =21 f(y) & (cPO: b

47
+0(a?).
Comparing this with Eq.(D.3)), we find expressions for the first two bare splitting functions:

2
n (as(ﬂ)) f(/lf) ® |:26P(1)’ bare _ EP(O)’ bare ® 13(0)7 bare + ﬁOP(O)’ bare]

p(0). bare _ EP(O),
€

1

1
—p@®
2¢ *

P(l), bare __
262

PO g p© _ P po)
2¢2

Finally, the bare PDF is:

][Ch],bare<§) [h](é'7 ) (M)%f(u)@)P(O)

47
2
s (i) L ooy, 1 o) o po) - Bo oo
—P —P P —P D.
+(H) e |5+ 5zPOe PO - BP0 Lo (Do)
This can be rewritten as:
27’Lf+1

f,[ch]’ bare / Z Li;(z (57 >, where

as(w) i(jO) (2)

47 €

F”(,Z) = (5@‘(5(1 - Z) +

2
W\ (L om L po) o po Bo p(o) 3
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Appendix E

Helicity Configurations

In this Appendix we give explicit rules for the helicity flip rules for physical processes in LO; adn LOs.

E.1 F.1LO, (and NLO,)

The following color-stripped tree amplitude corresponding to the crossed ¢ (p1)g(p2) — ¢+ (p3)l4 (p4)l—(ps)
process is achieved from applying the rules in Eq.(4.18)) on Eq.(4.14):

. s 197
ADag=aV (15 0% 3o 4 57) = 2\[< 45)(23)(21)”

similar expression for gg — ¢¢¢ at all orders can be achieved from performing swaps p; — pa,p2 —
ps3,P3 — p1 to the original all-outgoing amplitude NLO; in Eq.(4.15)), (4.16) and (4.17).
All possible helicity configurations which give us unique results are thus:

A(Aq,Ag)Z +(+’+) Aig+(+ +)(p1;ﬁ2;ﬁ3;ﬁ47]55) :A (1+ 2+73q 742_7 Z_)

(=) s =AW (B P P Pas Bs), ALY (Ba; Ba; i B, Bs)

- (+a +) : A‘(I(?Z) + (4 +)(p3,P2,P17P5aP4) (ol AZQJ?(i ) (PS,pQ,Pl,P5»P4)‘< Yol ]7
. —qV B B Bt B T 99—
- (_7 +) . A((]qg,v)?+(+;+)(pl,p27p37p57p4>‘<m><_>[m] Aa A (+; +)(p17p27p37p55p4)‘<m><_>[m]'

Similarly for ¢, (p1)g—(p2) — g+ (p3)fs(pa)?_(ps) the tree-level LO; amplitude follows from Eq.(#.19)):

(0),qa—9gV (1+ +.4+ £— (1 >2
A (17527137547 ,5,) = 2f< ) (32 51

and the NLO; amplitudes similarly follow from p; <> p3. All possible helicity amplitudes are thus:
)‘<>\q> AZ) : + (+7 +) Aiqzi +)(p17p27p37p47po) - A (1;_7 2q 73+ 4-;7 ;)

+(=+): A?;’;}"XH +) (D2, P13 P3; Pas Ps), ATV (o, s P Pas Ps)

. qg—g . . aqa—
_(+a+) : A(q ), +(+ +)(p25p17p37p5’p4) ARy Afl"r ++)(p27p1’p3’p57p4)‘<... o]

—(=+): A?(?Z)?X(JHH(]517252;253;]557154)‘< ol qu:(i +)(P1,P27P3,P5,P4)‘<
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E.2 F.2 LO,

E.2.1 qG— qgll
Following the crossing rules in Eq.(SRq3—45v)), (SLgg—qqv]); (TDgg—qqv]) and (TUzq—qqv):

SRffi‘;( D1, P2; D3, Pa; D5, De) = As,(+,+,+)(—DP2, —P1; D3, Pa; Ds, Ds ),
S,L(‘ff_fiv)( s D25 D3, D43 P5s D6) = Au,(+,+,+) (D3, Pas —D2, —P1; Ps, Do),
Tffiqf)/( ;D23 P33 Da; Pss P6) = —Ag (+,+,+) (D3, —D1; —P2, Pa; P, Do),
T}(Jiq:—qiv( i P23 P33 P43 Ps, Do) = —Aq (+,+,+)(—D2, Pa; P3, —P1; Ps, Do)

Possible unique helicity combinations are thusﬂ

SRyg— SLgg—
(Aq'7>\Q7>\€) : (+7+a +) : Aq (iq+qj_‘§(plap27p37p47p57p6) Aq (j:;+qq+v)( p2ap37p4ap57p6)7
SRqg— SLgg—
(_7+; +) : _Aq (iq+qj,\)/(p2ap17p3ap47p5 pG) Aq (?:4,‘11‘/)( plap37p4ap57p6)7
SRgg— SLgg—
(+,7a+) cA (qurqi‘)/(plap27p47p3,p5vp6) Aq (j:]Jrqi‘;( p2,p4,P3,P5,P6)7
SRyq— SLgg— - o~ o~ o~
(_7_7+) _Aq (j_q_i_qj_‘)/(anplapél p37p5 pﬁ) Aq (?:+qj_‘/) 2,P1;P4,P3,P5,DP )
)\ )\ )\ . . ATqu%qu ATqu%qu
( q’y \q» f) . (+7+7+) a,(+,+,+) (pl7p27p37p47p5ap6) @ (+,4+,+) ( p27p37p47p55p6)7
TDgg-4q3 ~ o~ o~~~ o~ TUg5— ~ o~ o~~~
(=) o = A, (700 (Bss P2s Pui Pas s, Be), Ay (1770 (Bss Da; P Pa; Ps, Do),
TDgg—qqv TUggoqqV (~ . ~ .~ .~ .~
(.= +) 0 Ay G0N (s Pas P3s P23 Ps, Do), —A, (170 (Pus Das P3; P2 Ps, Do),
TDgg-qq e TUqyq5— ~ o~ o~~~
(= =) 0 = A, (0N (P3s Pas s 23 D5, Be ) — A,y (177 "1) (P3s Pas Ps a3 Ds., D )-

E.2.2 qq — qqll
From the crossing rules in Eq.(UUgq—qqv)), (UDgg—qqv])s (TDgg—qqv])s (TUqgq—qqv):

UU N ~ ~ o~ ~ o~ o~
A, (VY (Pu; D23 D3 Pas Ps, Pe) = Au(+,+,+) (B3, —P2i Pa, —P1; s, Pe),
AVPaa— L - - S I
A, Y (P Das Ps; Pai Ps, o) = Au,(+,+,+) (Pas —P13 D3, —P2i Ps, D)
TD — ~ ~ ~ o~ ~ o~ o~
A, Y (Pui D23 Pss Pas Ps, Pe) = — A, (+,+,+) (D3, —P13 Pa, —P2; Ps, D),
TU — ~ ~ ~ ~ ~ o~ o~
A, (17 (P1s P23 D3 Pas Pss Pe) = —Au,(+,+,4) (Pa, —P2; B3, —D1; Ps, o)
Possible helicity flips are as following:
, . . AUUgq—qqv UD —
(AgsAgsAe) + (4, +,4) Aq (+,4,+) (P1; D2; P33 Da; Ps, e ) q7(_iq+‘$;/( s D2; D3; Da; D5,y D6 )
UUgq— ~ o~~~
(=) 0 A (00 (Pa Poi B3 PriPssPe )y —AVPL Ly (Bas a3 Ps; s Ps» o),
UUgqs
(+,—+) _Aq,(£q+ ?)V(Pl,P:s,pmm,Ps,PG) q,(+++)( : P3; P23 Pa; Ps, D6 )
UUgq— Nt Py s Mya s My
(= =) 0 = A, (7% (Pas P3; P23 s Ds, Pe), Aq Lot ) (P P B3 P P o).
TDgq— TU = ~ o~ o~ o~ o~
(Ags Ags Ae) + (F+,4) = Ay (000 (Brs P2; D3 as s, Be), Ay (1970 (P15 P2; Ps; Pas Ps, o),
TDogsaqV / ~  ~  ~ ~ ~ = TUH e
(=) 0 = A Y (Pas Pas Drs Pas Pss Pe) s A, (17 (Pas Pas s a; Ps, Do)
TDygos TU 5 e
(.= +) t A, Q000 (Bus Pas Pss P2; Bs, Do), —A, (174 (B1s Pas Ps; P2; Ps, Do),
TDgq—sqqV /~ .~ ~ ~ ~ ~ TUgqoqqV /i~  ~ ~ ~  ~ ~
(= =) o = A, (0% (Bss Pas Pr; P23 Ps, e ) — Ay (17 1) (B33 Pas P P2; P, Pe)-

Hmportant to note that due to different available helicities in S- and T-channel it is not allowed to interfere amplitudes

and AT as these helicity numberings correspond to different actual helicities for p2 and pa

S
Ale,F,4) (£,F4)
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E.2.3 g9 — qqll

Following the crossing rules from Eq.(NoCr+Crgg_av):

=, % P - - P
A (Prs Pas B, Das s, Pe) = Awxyxa(+,+) (=D, —D23 B3, Pa; P, Po)-

This means that the helicity configurations are:
S Ve e e
AL A2(Ag, Ae) o Ay da(, ) o AZETL ) (Brs P23 B3, as s, Bs),

Z9g—qqV B S9g—qqV i~ o~  ~  ~  ~
A Ao(=, )0 VAT (B, D2iPay s b5, Pe)s  — VA S 1y (P1, D23 Pa, P3s s, D)

0
where V=|1 0 0
0 0 1

The different helicities of the external gluons are reflected in the definition of the amplitude in Eq.(4.21]).

E.2.4 qg— qqll

From the crossing rules in Eq.(NoCr+Crgg—qqv)

— v -~ o~ o~ o~~~ 1 ~ S od N1 De D,
A ey (1 D23 P, Pai D3, ) = Aux,xa(+,+) (Pas —P23 D3, —P1; P, De)-

The helicity configurations are thus:
S v o
A Ae(Ags Ae) + 0 Ay da(,+) o AT L (Brs P2 Pas Pas Bs, Do),

o 1% B v 1% B
A do(=, )0 VAR (B3, D231, s D5, Be),  — VAL L ) (Bs, D23 Pr, as Ps, Do)

E.2.5 ¢§— ggll

From the crossing rules in Eq.(NoCr+Cr gz, 44v))

e . S
AL (Br P2s s, i Pss Bo) = Awxyxa(+,+) (Pas B3, —P2, —P13 s, P )

The helicity configurations are thus:

Mg M) 0 A da(,4)  ANI9Y(Br, o Ba, a; Bs, Bo),

e
A da(= ) VAR L) (B2, P1i B3, Da; Ps, Po)-
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